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1 . 0  INTRODUCTION 
Th i s  f inal  r e p o r t  i s  submit ted  to  fulf i l l  the  r equ i r emen t s  under con t rac t  
NAS 8-20682. The work r epo r t ed  he r e in  i s  a continuation of work  
c a r r i e d  out by the Avco Space Sys t ems  Division under contract  NAS 8- 
20502. T h e  ent i re ty  of t h i s  work const i tu tes  one facet  of the NASAIMSFC 
program in support  of the  NASA advanced planetary miss ions--development  
of a typ ica l  MARS landing capsule  s ter i l iza t ion container.  
In the  in i t i a l  contract  (NAS 8-20502), a typical  can i s te r  and  mode  probe 
w e r e  designed,  fabr ica ted and  subjected to  t e s t s  to  demons t ra te  design 
f ea tu r e s  t o  min imize  can i s te r  g a s  leakage ( that  might be indicative of 
violation passages  in the  b io -ba r r i e r )  and  to demons t ra te  the design 
adequacy of can i s te r  l id  je t i son and  probe deployment f e a tu r e s .  The  
r e s u l t s  of the  o r ig ina l  contract  showed that  such a typical  can i s te r  could 
be designed,  fabr ica ted,  and  t e s t ed  within the  bounds of cu r r en t  technology. 
However ,  that  o r ig ina l  p rogram cons idered  only a s m a l l  portion of the 
to ta l  development r equ i r emen t s  of a typical  s ter i l iza t ion conta iner- - the  
mechan i ca l  design. 
T h e  next logical  question in the developmental  sequence of a typ ica l  
can i s te r  i s  the  abil i ty of that  can i s te r  to  prevent recontamination of the  
contained probe vehicle by ea r t h  o r g a n i s m s  in the  vehicle m i s s ion  phases  
f r om t e r m i n a l  s ter i l iza t ion through probe deployment on a m i s s ion  impact  
t r a j e c to ry .  
T h e  sequence of m i s s ion  phases  and  the o rgan i sm recontaminat ion h a z a r d  
a n d / o r  environment a r e  as follows: 
T e r m i n a l  s ter i l iza t ion cycle - the rmal ly  induced opening in 
the  b io -bar r i e r  a t  t e m p e r a t u r e  o r  in the  cooling phase that  
might allow passage of o rgan i sms .  
@ Storage - l o s s  of positive can i s te r  p r e s s u r e  due to  can i s te r  
puncture,  cooling of s t o r age  environment with insufficient r a t e  
of g a s  resupply ,  o r  migra t ion  of o rgan i sms  through s m a l l  
o r i f i ces  in the can i s te r  agains t  positive p r e s s u r e .  
@ Pre launch  handling, a s s emb ly ,  and  checkout - puncture,  
momenta ry  opening of s e a l s  o r  a s s emb ly  distort ion that  open 
s ea l s ,  weld seams,  o r  passthrought;.  
@ Launch - a scen t  loads and vibrat ion,  acoust ic  noise ,  o r  
can i s te r  venting to  reduce  can i s te r  in te rna l  p r e s s u r e .  If 
the c an i s t e r  i s  not vented during a scen t  flight, the  i nc r ea se  
in A P  with a s cen t  al t i tude may  open s e a l s  o r  weld  s e a m s  
to allow o rgan i sm  violation. 
Can is te r  Venting - This  event i s  fo r  the  purpose of reducing 
can i s te r  p r e s s u r e  to  the f r e e  space  ambient  p r e s s u r e  before  opening 
the  can i s te r  fo r  deployment of the  probe. Th i s  event may  
occur  shor t ly  a f t e r  exit f r om the  e a r t h ' s  a tmosphere ,  a t  a 
t i m e  just  p r io r  to t a rge t  planet o rb i t  injection, o r  in t a rge t  
planet o rb i t .  It i s  included h e r e  at the  f i r s t  sequence 
opportunity and  can c r ea t e  a recontaminat ion t h r ea t  by back 
flow through the vent sys tem.  
Cru i s e  a n d  Mid-Course  Cor rec t ion  - In th i s  phase,  me t eo r i t e  
penetrat ion of the  can i s te r  could lead to recontamination.  
Also, openings in s e a l s  and /o r  weld  s e a m s  due to s t r u c t u r a l  
loads and  vibra t ions  and rocke t  plume impingement in appro-  
pr ia te  com binations. 
Canis ter  Lid Je t i son  - Thi s  event i s  the  beginning of the  m o s t  
c r i t i c a l  m i s s ion  phases  fo r  occu r r ence  of rec3ntamination.  
The ex t e rna l  su r f ace  of the  s ter i l iza t ion can i s te r  wi l l  have an  
a t tached deposit  of part iculate d i r t  and  o rgan i sms .  The  
r ema inde r  of the launch sy s t em wil l  have high concentra t ions  
of o rgan i sms .  In the  miss ion  phases ,  o r g a n i s m s  wi l l  be shed  
f rom the  uns te r i l e  port ions 3f the  launch sy s t em and  c r ea t e  a 
m ic rob i a l  cloud about the space  sy s t em.  Th i s  cloud and  the  
sur face  deposi ts  consti tute the  recontaminat ion t h r ea t .  The  
use  of a can i s te r  l id  separat ion device that  upon functioning 
r e l e a s e s  e l a s t i c  energy o r  inputs explosive energy to  the  
can i s te r  s t r uc tu r e ,  wi l l  possibly spa11 o rgan i sms  f r o m  sur faces .  
Th is  d i spers ion  of o rgan i sms  i s  a l s o  a recontaminat ion t h r ea t .  
P r o b e  Deployment - The t h r ea t  in t h i s  event i s  essent ia l ly  the  
s a m e  a s  that  desc r ibed  fo r  the  previous phase.  The  addit ional  
t h r ea t  in t h i s  phase i s  s imply that  the  probe m u s t  penetra te  the 
postulated mic rob i a l  cloud. 
The  speci f ic  object ives  of t he  work r epo r t ed  he r e in  a r e  a s  follows: 
@ Determine whether the  s ter i l iza t ion b a r r i e r  i s  compromised  
during spacecra f t  c ru i s e ,  can i s te r  opening o r  probe deployment. 
@ Define a t e s t  p rogram to  inve s t igate  r e l e a s e  and  t r an spo r t  
mechan i sms  of m ic roo rgan i sms .  
@ Determine a suitable t r a c e r  organism for use in t ransport  
tes t s .  
@ Design, develop, and fabricate fixtures and  equipment to 
execute the t ransport  tes t  program. 
@ Execute the approved t e s t s ,  collect, analyze, and interpret 
the data. 
The ultimate objective of the contract work i s  to a s s i s t  in establishing 
procedures for use in certifying that operational capsule systems undergo 
minimum recontamination with microorganisms during the deployment 
mode, space cruise  maneuvers,  and any other scheduled phases which 
threaten steril i ty.  
This volume of the final report  presents the full technical content of 
the work performed. A summary volume which presents the highlights 
of the technical work and resu l t s  i s  available. 
2 .0  EXPERIMENTAL PROGRAM 
Within the scope of the assumptions and guidelines set  forth i n  the contract 
and the Revised P r o g r a m  Plan  (29 March 1968) the following experimental 
program was ca r r i ed  out. 
2 .1  SURVIVAL STUDIES 
The effects of lowered atmospheric p res su re  on microorganisms have 
long been subjects of interest  to  biologists, particularly in  relation to  
preservat ion of cells. In m o r e  recent  t imes ,  however, exobiologists con- 
cerned with the t e r r e s t r i a l  contamination of other planets began to examine 
the behavior of microorganisms exposed to simulated space environments. 
One of the f i r s t  comprehensive studies was ca r r i ed  out by Bakanauskas 
(WADC TN 59142, 1959). He exposed spores  of Bacillus globigii, - B.
mycoides, B. cereus and two species of Aspergillus to  p res su res  ranging 
f rom 1 x 1 0 ~ 5  to 5 x 10-7 m m  mercury  for  periods of 2, 4, 8,  1 6  and 32 
days. With the exception of - B. cereus ,  all  the species remained viable. 
Although these experiments served  to stimulate succeeding workers ,  the 
resu l t s  were  not definitive because the vacuum chamber was returned to  
atmospheric p res su re  each t ime a sample was removed for assay. In 
addition, the reported sensitivity of - B. cereus  spores  i s  unexpected. Un- 
fortunately, no clarification was obtained i n  experiments performed by 
Brueschke, et a1 (Planetary Space Science 8: 30, 1961). These workers  
found that spores  of - B. subtil is ,  Aspergillus and Penicillium survived m o r e  
than ten but l e s s  than 31 days exposure to ultrahigh vacuum. In the same  
year ,  the resu l t s  of Por tner ,  et  a1 (Science, 134: 2047, 1961) using - B.
subtilis, A. fumigatus and Mycobacterium smegmatis tended to confirm 
previous conclusions, but the ultrahigh vacuum (UHV) exposure t ime was 
only five days. 
Morelli ,  et a1 (Nature 196: 106, 1962), in  an attempt to ver ify one of these 
conclusions, exposed - B. subtilis spores  to  UHV for  35 days. They found 
that specimens exposed to UHV, a s  well a s  control samples (in nitrogen, 
argon, carbon dioxide and a i r  a tmospheres) ,  showed about 50 percent 
viability at the end of the test  period. Several non-spore-forming species  
have been reported to show up to 30-35 percent survival after 5 days 
exposure to an UHV environment. 
Although these experiments have all been of relatively shor t  duration, 
they did give some insight into the behavior of the genus Bacillus in a 
simulated space atmosphere. So f a r  a s  we a r e  aware,  exposure of living 
cells to an UHV environment for more  than 35 days has not previously 
been undertaken. The gross  variation pointed out in previous work 
between species i s  comprehensible, but other variation may be due to 
metabolic differences in different s t rains of the same species. It is most 
probable that the operating procedures of the vacuum chamber, i, e. , the 
t ime required to attain an UHV condition, whether or not the chamber was 
returned to atmospheric pressure  after each sample removal, exerts an 
influence on the number of recoverable organisms. In addition, the mater-  
ia l  used for carrying the tes t  organisms may influence their survival. 
In an effort to eliminate o r  control some sources of variance and to insure 
the recovery of statistically valid populations at the termination of the 
survival studies, preparatory experiments were performed to choose a 
t r a c e r  organism, select a c a r r i e r  material  and determine optimal initial 
concentration of the tes t  organism. 
2. 1. 1 Prel iminary Experiments 
2. 1. 1. 1 Selection of Trace r  Organism 
In the initial phases of the program several bacterial  species were 
considered for use a s  a t r a c e r  organism primarily because of their 
distinctive colony color,  ease of handling, non-pathogenicity and 
infrequency of occurrence in  the laboratory milieu. One of the 
species subjected to preliminary tes ts  was Serrat ia  marcescens ,  a 
small  non- spore forming, rod- shaped organism that produces a 
bright red-orange pigment. Prel iminary experiments with this 
organism showed that the colony color was subject to an  unusually 
high rate  of mutation. The mutant colonies a r e  colorless,  undistinc- 
tive and a r e  easily confused with other morphologically s imilar  
organisms. In addition, the survival of S. marcescens after desicca- 
tion for 24 hours under 25 in. vacuum was only 0.1 percent. 
Although several other non-spore forming species were  considered 
that have been used a s  t r a c e r  organisms, none met the requirement 
of high resistance to desiccation. In order  that the survival tests  
might contribute to a certification program for capsule landers,  a 
significant proportion of the test  organism should survive for a long 
period of time. Tes ts  to determine the survival of the t r a c e r  organ- 
i s m  must be made fo r  a period of about eight months, the time antici- 
pated for a space mission and the planned certification tests.  
It seemed that the only type of cell capable of meeting these require- 
ments would be a spore form. Many hundreds of species of bacteria 
develop spores in  the course of their life cycle, but one species in  
part icular ,  - Bacillus (2, subtilis va r .  niger) seemed to be 
an ideal candidate for  use a s  a t r a c e r  organisms f o r  survival t e s t s ,  
t ransport  analysis and effects tes t s .  To  obtain the highest degree 
of accuracy in  tlie quantitative portions of the biological t e s t s ,  i t  
was imperative to  choose a spore-forming species giving a high ra te  
of germination. Using mic ro  -manipulation techniques for  isolating 
single spores  of B. subtilis, Holdom and Johnstone (J. Gen. Microbiol, 
46: 315-319, 1 9 6 3  showed that 96- 100 percent of single spores  ge r -  
minated and gave r i s e  to  visible growth i n  24 hours  when grown on 
suitable media. 
Several species  of Bacillus have been used i n  previous shor t - te rm 
studies examining the effect of ultrahigh vacuum atmospheres on 
microorganisms.  Although previous experiments of this type have 
al l  been relatively short  duration, they do give some insight into the 
behavior of the genus in  a simulated space atmosphere. In addition 
to the ability to  withstand adverse environmental conditions (extreme 
heat and cold, desiccation, germicides) ,  B. plobigii produces a 
distinctive water -insoluble, yellow -orange pigment and identifiable 
colonies a r e  seen on ordinary bacteriological media after 36-48 hours  
incubation at  32OC. 
F o r  these reasons ,  B. plobigii was selected for use a s  the t r a c e r  
organism in  ear th  and simulated space survival studies a s  well as in  
tasks requiring only bacteriological support. 
2. 1. 1. 2 Selection of C a r r i e r  Material  
The difference i n  percentage recovery of bacter ial  spores  on s tainless  
s teel  and other surfaces has  been noted in  this  laboratory i n  previous 
experiments. Because variation i n  removal of bacter ia  seems to  be 
dependent on the type of mater ia l  and smoothness of the surface a s  
well a s  the mode of removal, i t  was felt that some preliminary testing 
of these fac tors  should precede the ear th and simulated space experi-  
ment s. 
It i s  well known that some meta ls  such a s  s i lver ,  gold, copper, m e r -  
cury, etc. , a r e  bactericidal. The studies of Hannon and Patouillet 
No. P B  173834, 1-7, 1967) would indicate 
that other meta ls ,  previously considered innocuous, a r e  inhibitory to  
algae. These workers  found that some types of stainless s teel ,  e. g. 
#304, great ly  inhibited algal respirat ion while #416 showed no effect. 
Other types of metal  tested showed equally interesting results.  Most 
reports  concerned with the effect of heat o r  high vacuum on mic ro -  
organisms do not mention the specific type of metal c a r r i e r s  used. 
It i s  pcssible that the death ra tes  recorded by many workers may 
reflect the bactericidal effect of the metal c a r r i e r  a s  well a s  the 
effect of the environment. The use of a non-toxic c a r r i e r  becomes 
especially important in  long-term experiments when adequate num- 
be r s  of organisms must  be available near the end of the time interval 
concerned so that the death curves a r e  accurate. 
2. 1. 1. 3 Selection of Surface Finish of Car r i e r  
At the present t ime, NASA "Standard Procedures for the Micro- 
biological Examination of Space Hardware" calls for removal of 
bacteria f rom stainless steel slides by sonication with subsequent 
culturing of the supernatant fluid a s  well a s  plating the slide c a r r i e r  
itself. The fact that the slide itself must be cultured for organisms 
not removed by sonication indicates that the surface smoothness of 
the c a r r i e r  may be significant. This suspicion was borne out by pre-  
vious experiments in  this laboratory using mirror-finished chrome1 
slides. Even after fixing heavy spore suspensions on these slides 
by exposing them to 160°C for up to 15 minutes, the survivors were  
easily removed by standard sonication techniques. In order  to stan- 
dardize assay  procedures and increase the precision and accuracy of 
removal of the t r ace r  organism in  the population survival studies, 
stainless steel and the aluminum were finished with both 3 and 16 
microfinishes. 
2. 1. 1. 4 Variation in Spore Population 
Four different spore concentrations, approximately 1 o l ,  10') 1 o4 
and lo7  cells,  were used to inoculate each surface for preliminary 
testing. The number of spores used for the inoculum may be especially 
important when the effects of ultraviolet light in  an ultrahigh vacuum 
environment a r e  investigated, i. e. , when large  numbers of spores 
a r e  used, the innermost layers  may be somewhat protected f rom the 
poorly penetrating ultraviolet light, Conflicting reports  appear in  the 
l i terature on the effect of UV light in  an ultrahigh vacuum on bacter ia  
probably because the size of the inoculum and the nature of the 
medium in which the organisms were placed (water, soil, peptone 
water ,  etc. ) were not always considered. 
The following tables summarize the resul ts  obtained when the recovery 
of B. f rom stainless steel and aluminum were compared. ("A" slides were  2 in. x 2 in. , 1 / 3 2  in. thick with a 3 or  16 microinch 
finish. ) Spores were  also inoculated onto Plexiglas with the idea 
that a glass-like surface would serve  a s  a control. Table 1 represents  
colony counts of the spore suspensions used for inoculating the slides 
determined once a week for  three  weeks. These numbers showed that 
the spore suspensions were  stable when kept at 4OC for  severa l  weeks. 
Procedures  used for  the stock culture preparation and for  a s say  of 
inoculated c a r r i e r s  may be seen i n  Section 2. 1. 3. 1. 
The number of cel ls  recovered f r o m  Plexiglas using four different 
inocula a r e  shown i n  Table 2. Each number recorded i n  Tables  2, 3 ,  
and 4 is an average of six counts. 
Table 3 shows the resu l t s  of a s imi lar  experiment using s tainless  
s teel  (#304) slides. 
In order  to determine the recovery of spores  f r o m  an aluminum su r -  
face,  identical experiments were  performed using this  metal. The 
resu l t s  a r e  presented in  Table 4. 
Table 5 i s  a summary  showing the percentage removal of organisms 
for  each surface and initial inoculum tested. 
Experiments summarized in  the previous tables were  repeated using 
the "B" d iscs  (1 112 in. diameter ,  1/ 8 in. thick, 16 microinch finish). 
Pre l iminary  data f rom these experiments a r e  summarized i n  Tables 
6 and 7. Table 8 shows the percentage removal of spores  tabulated 
f rom Tables 6 and 7. 
Results of stock suspension counts shown in  Table 1 confirm that 
spore suspensions f rom l o 2  to  l o 8  ce l l s /ml  do not va ry  significantly 
f rom week to week, i. e . ,  the death of spores  i n  distilled water  stored 
at  40C i s  negligible. In spite of the stability of stock suspensions, 
they were counted before each experiment a s  a precautionary measure.  
Unexpectedly, the recovery of spores  f rom Plexiglas were  ve ry  low 
when compared to other surfaces.  When small  numbers of organisms 
were  used, none were  recovered. Only 29 percent were  recovered 
when 2 x 104 spores  were  inoculated; 62 percent recovered when 
2 x l o 7  were  used. These data strongly indicate that Plexiglas i s  
entirely unsuitable for  use in any assay  procedures aimed at  high 
levels  of recovery. On the other hand, the tenacity with which these 
spores  a r e  held to Plexiglas sur faces  should be considered when 
assaying plastic mater ia l s  for  bacteriological burdens. 
TABLE 1 
STOCK SUSPENSION COUNTS 
S P O R E  CONCENTRATION (ACTUAL) 
W e e k  1 1.04 x lo2 1.3 lo3 1.14 x lo5 1.5 x lo8 
W e e k  2 
W e e k  3 
t 
S P O R E  CONCENTRATION (APPROXIMATE)  
TABLE 2  
RECOVERY O F  SPORES FROM PLEXIGLAS SURFACES:k 
Slide Number of Cells  Inoculated 
Number 
2 . 1  x 10' 2.6 x l o 2  2 .3  l o 4  3. 0  l o 7  
* A n  average  of 2. 6  cel ls  were  found when the s t r i p s  themselves  were  cultured. 
NOTE: C lea r  Plexiglas,  Type G, co lor less ,  t ransparen t  
TABLE 3 
RECOVERY O F  SPORES FROM STAINLESS STEEL SURFACES 
Number of ce l l s  inoculated 
Slide 
Number 2 . 1 ~ 1 0 '  2 . 6 x 1 0 2  2.3 lo4  3. 0 l o7  
-- -- 
1 0 - 21 ( 1 : l O )  40 (1: 10, 000 dilution) I 
An average of 2. 6 cel ls  were  found when the s t r i p s  themselves  were  
cultured. 
NOTE: #304 Stainless Steel, 3 Microinch Finish 
TABLE 4 
RECOVERY O F  SPORES FROM ALUMINUM SURFACES ("A") 
Number  of Ce l l s  Inoculated 
Slide 
Number  2 .1  x 10' 2.6 x l o 2  2. o x  104 1 .5  l o 7  
1 0 0 28 (1:lO dil. ) 30 (1: 10, 000 dil. ) 
2 0 3 37 (1: 10 dil. ) 29 (1: 10, 000 dil. ) 
3 0 1 29 (1:lO dil. ) 27 (1: 10, 000 dil. ) 
4 0 1 38 (1:lO dil.  ) 25 (I:  10, 000 dil. ) 
5 0 22 2 : : 35 ( 1 : l O  dil. ) 28 (1: 10, 000 dil. ) 
None recovered  when s l ide  was  cultured.  
An average  of 13 recovered  when s l ide  was cultured.  
NOTE: 2024-T3 Aluminum, 12 Microinch F in i sh  

TABLE 6 
RECOVERY O F  SPORES FROM ALUMINUM SURFACES ("B") 
Number  of Cells  Inoculated 
Slide 
Number 4 .1  x lo1  9~ l o 3  9 x l o 6  
- -- - - -  
1 50 (1: 10 dilution) 41 (1: 10, 000 dilution) 
4 45 " - 
8 49 " 42 
2 54 " 39 " 
3 50 I f  54 I f  
4 35 " 39 
NOTE: 6061-T6 Aluminum Di sc s ,  12 Microinch F in i sh  
TABLE 7 
RECOVERY O F  SPORES FROM STAINLESS STEEL SURFACES ("B") 
Number of Cells Inoculated 
Slide 
Number 4.6 x 10' 9 . 4  x l o 3  
3 40 ( 1: 10 dilution) 35 (1: 10, 000 dilution) 
3 49 I I 34 I I 
4 54 I t  40 I I 
1 50 " 4 5 I I 
NOTE: 304 Stainless Steel, 16 Microinch Finish 
TABLE 8 
PERCENT REMOVAL OF B. GLOBIGII SPORES FROM 
- 
STAINLESS STEEL AND ALUMINUM ( "B ") 
Surface ("Bl1) Initial Inoculum 
4 x 101 9 103 9 x 106 
- 
Stainless Steel 
Aluminum 
NOTE: 
304 Stainless Steel, 16 Microinch Finish 
606 1 -T6 Aluminum, 12 Microinch Finish 
When stainless s teel  and alum-inurn slides ("A") were  inoculated with 
2 x 101 spores ,  none were  recovered. When the inoculum was in- 
2 c reased  to 2 x 10 spores ,  about 68 percent were  recovered f rom 
stainless s teel ,  19 percent f rom aluminum. Increasing the initial 
inoculum did not inc rease  recovery f rom steel  although the 46 percent 
recovery recorded i s  subject to question. Conversely, increasing the 
initial spore concentration on aluminum slides resu l t s  in  increasing 
the percentage recovery. It should be noted that percentage recoveries  
reported a r e  a simple average of 15 to  18  cultures f rom five o r  s ix  
s l ides  o r  disks ( three samples/  slide o r  disks) while the variance 
between repl icates  can be seen in  actual numbers of cells recovered. 
Results obtained with the "B" disks shown i n  Tables 6, 7,  and 8 
re i te ra te  the unreliable resu l t s  obtained when small  numbers of 
spores  a r e  used. The reason for  this may  be  purely statist ical ,  but 
i t  i s  well known that some microorganisms a s  well a s  animal cel ls ,  
cultured i n  vitro,  a r e  not able to  reproduce when the population i s  
-- 
sparse.  
Recovery of spores  f r o m  both types of "B" disks was  high when either 
4 7 10 o r  10 spores  were  inoculated. The decrease  i n  recovery f r o m  
stainless s teel  "B" disks when the higher inoculum was used appears  
to be rea l  i n  that i t  has  been repeated severa l  t imes. On the other 
hand, recovery of spores  f rom the aluminum disks when the higher 
inoculum i s  used, i s  consistently higher and seems  to  be l e s s  variable. 
These data, a s  well a s  the fact that aluminum is non-magnetic and 
acceptable fo r  use in  ultrahigh vacuum, resulted in  the use of s imi lar  
aluminum disks fo r  the population survival studies. 
2. 1. 3 Population Survival Studies 
The overall  purpose of the population survival studies was to  establish 
the death r a t e  of the t r a c e r  organism i n  an  ultrahigh vacuum (UHV) 
environment in  the absence and in the presence of ultraviolet radiation 
a s  compared to  the death ra te  i n  an atmospheric environment. In 
order  to obtain meaningful data in  these experiments,  the effects of 
UHV alone on the t r a c e r  organism must  be separated f rom the combined 
effects of ultraviolet radiation and UHV. 
2. 1. 3. 1 Ultrahigh Vacuum Exposure 
2. 1. 3. 1. 1 Methods 
2. 1. 3.  1. 1. 1 Vacuum System - -  To devise a reason-  
able Sterilization Certification Procedure one must  know, in  advance, 
the effects of various environments on the test organism. At 
Avco and elsewhere studies of the effect of vacuum on organism 
viability has been studied for exposures a s  long a s  30 days. 
Because the Martian mission and hence tests  specified by a Sterili- 
zation Certification Procedures will be a s  long a s  eight months, these 
ear l ier  data were inadequate. A task  of the program now being re -  
ported was to f i l l  this gap--to study the effect of vacuum on the test  
microorganism for continuous exposure up to eight months. 
The vacuum survival studies were carr ied  out in  the Avco 200 l i te r  
Space Simulation Chamber. This i s  a stainless steel vessel  with 
several access parts.  An ultrahigh vacuum i s  maintained by a 
1000 l i te r /  second sputter-ion type pump. All flanges and values 
a r e  metal gasketted (no elastomers a r e  used) so that the system i s  
capable of the 10-lo t o r r  range when empty. The plan for  these 
tes ts  required that samples be removed f rom the vacuum environment 
f rom time to time over eight month period. This was to be done 
without raising the chamber pressure  to atmospheric pressure  during 
the sample removal procedure. In Figure 1, a drawing of the Space 
Simulation Vacuum System, the air-lock modification of the 200 l i ter  
vacuurn chamber i s  shown. The a i r  lock consisted of a valve, hoist 
mechanism, and pump. To remove a sample, the a i r  lock was 
evacuated by i t s  pump, the valve was opened and the sample was 
withdrawn using the hoist. The valve was then closed and a i r  was 
bled into the airlock chamber. That chamber was opened and the 
sample was removed for assay. 
The sample removal system i s  demonstrated more clearly in  Figure 2. 
The sample tubes, containing inoculated disks, were held in a 
carrousel  which resembled a circular  test  tube rack. The hoist con- 
sisted of an electromagnet hanging by i t s  wire leads from a spool. 
When the spool was turned f rom outside the vacuum chamber the 
electromagnet dropped through the open valve to a position above 
the samples. The carrousel  could be turned to align a sample tube 
directly below the magnet. Each tube had an iron top to engage the 
magnet. After the magnet was energized the sample could be with- 
drawn to the a i r  lock by rewinding the wires on the spool. Each of 
the rotary motion feed-throughs used in  this setup was a magnetically 
coupled device with no possible leakage problem. 
Each sample tube (Figure 3) consisted of a length of aluminum tubing 
and contains five aluminum sample disks previously inoculated with 
the test  organism, and spacers  to prevent contact between the sample 
surfaces. Holes were drilled in the tubes and spacers  so that the 
gas might escape easily during evacuation. 
FIGURE 1 
SPACE SIMULATION VACUUM SYSTEM 
VALVE ELECTR I CAL FEED THROU 
ROTARY MOTION 
CRYO PUMP- -FEED THROUGH 
AIR LOCK CHAMBER 
STRA I GHT-THROUGH VALVE 
ROTARY MOT1 ON 
FEED THROUGH 
OBSERVATION 1 
WINDOW I 
200 LITER CHAMBER 
L 
ION PUMP A/ 
FIGURE 2 
SAMPLE REMOVAL S Y S E M  
9 ELECTR I CAL FEED THROUGH 
____) 
ROTARY MOTION 
ROTARY MOT1 ON 
FEED THROUGH FEED THROUGH 
ELECTROMAGNET 
SAMPLE HOLDER 
CARROUSEL 
57 11P A1 . . 
FIGURE 3 
SAMPLE HOLDER 
DISKS 
In discussions during the planning of this task a question was 
raised a s  to the actual environment (pressure  and temperature) seen 
by the organism sample. The samples were enclosed in the tubular 
sample holders and were exposed to the vacuum only through a se r i e s  
of holes drilled in the tubes and the spacers.  It might be, the ques- 
tioner speculated, that the time for outgassing of the sample through 
these holes would be long and we would be deceived by an  indicated 
low pressure  in  the vacuum chamber. The conductance of the holes 
was calculated and turned out to be about 10 l i ters /second assuming 
molecular flow. We could only guess at the outgassing load, however. 
F o r  example, a monolayer of water on the surface of each organism 
i s  equivalent to  1. 5 x 1012 molecules (assuming 5 x l o 6  g. globieii) 
o r  4. 2 x 10-8 t o r r  l i ters .  Similarly 10 percent internal water by 
weight i s  equivalent to 5. 6 x 1018 molecules or  0. 15 t o r r  l i ters .  
Assume for  the moment that this quantity of water i s  Qo. Then the 
water remaining at t ime t is 
where a is an  evolution ra te  constant having an unknown value. 
The pressure  above the sample is 
where S is  the conductance of the holes venting the space above the 
tes t  organisms. Combining the two equations we have 
PS Setting - = K and solving for  t we obtain 
Qo 
This i s  an expression for  the t ime to reach the pressure  P a s  a func- 
tion of the unknown rate  constant a . We may, however, ask the 
question: What i s  the maximum value of t with respect to  variations 
in  a ? By setting the deviative dt equal to zero,  we obtain 
a = 2. 72K and 
The time to reach P = 10-7 t o r r  using the calculated conductance of 
S = 10 l i ters/second and our most pessimistic estimate of Qo = 0. 15 
t o r r  l i te rs ,  is then 
t = 5. 5 x 104 seconds, or  
= 15.4 hours 
To rei terate ,  we have assumed a value of cr corresponding to the 
longest possible t ime and we have used the largest  imaginable initial 
quantity of water ,  and f rom this we have calculated the time required 
to reach a l o w 7  t o r r  pressure ,  only 15.4 hours. 
The answer then to the question of actual pressure  seen by the test  
organisms is that within, at most,  15.4 hours after the vacuum cham- 
ber  has reached the 10-7 t o r r  range, the pressure  in the sample tubes 
will also be in  the l o m 7  t o r r  range. 
The temperature behavior of the samples was also speculated upon. 
After the vacuum chamber pressure  has stabilized in our gedanken 
experiment at about t o r r ,  there will be no thermal  sources o r  
sinks and the sample temperature can only be room temperature.  
During the pumpdown of the system, two processes might occur which 
would effect the sample temperature.  F i r s t ,  improper operation of 
the ion pump at high p ressures  would cause ions to  bombard the 
sample tubes and heat them. Second, evaporation of excess water 
could reduce the temperature of the sample. Assume that one per-  
cent of the initial water of the inoculum remains when the sample is 
placed in  the vacuum. This includes both the tightly bound water 
refer red  to  above a s  Qo and loosely bound water. Since the inoculum 
is 0. 5 ml ,  this amounts to 5 mg water. F r o m  the heat of vaporiza- 
tion of water and the specific heat of aluminum one calculates that 
the temperature drop of the aluminum disk is 4OC assuming no other 
heat t ransfer  process. Radiative and conductive warming f rom the 
surrounding a rea ,  which i s  at room temperature,  will tend to reduce 
this drop. 
The arguments a s  to  the actual pressure  and temperature of the 
organism environment which a r e  set out above were sufficient to 
s t i l l  any quams we might have had. However, a s  i t  was a simple 
addition to the test  facility, provisions were made s o  that both the 
sample temperature and the pressure  within a typical tube could be 
measured directly during the test. 
A schedule for  the removal of sample tubes was setup to produce the 
maximum in  biological data. It was necessary,  however, to va ry  this 
plan to  a cer ta in  extent because of the performance of the vacuum 
system. In Figure 4 the anticipated p res su re  i n  the vacuum chamber 
i s  shown a s  a function of t ime during the f i r s t  32 hours of the test. 
Note that the t ime scale  i s  non-linear. Crosses  a r e  placed on the 
curve to indicate the t imes  of removal of sample tubes. As will be 
pointed out i n  a l a t e r  section the actual p res su re  history and sample 
removals var ied slightly f rom this plan. 
The car rouse l  held 24  sample tubes. The ear ly  samples were  r e -  
moved a t  short  intervals  a s  indicated i n  F igure  4. During the f i r s t  
two weeks seven samples  were  removed. Subsequently, samples  
were  removed at  two-week intervals  a s  the tes t  progressed. 
2. 1. 3. 1. 1. 2 Bacteriological Procedures  - -  Data 
obtained in  prel iminary t e s t s  examining surface and population effects 
on the t r a c e r  organism were  used i n  planning experimental procedures  
for  the survival studies and provided quantitative survival data on the 
t r a c e r  organism under atmospheric conditions. 
Prepara t ion  of stock cultures and a description of the disks used to  
c a r r y  the t e s t  organism, as well a s  the procedures used to prepare  
the disks and sample holders a r e  descr ibed below. 
Stock Culture Preparat ion 
An 18-hour culture of Bacillus globigii cel ls  in  trypticase soy broth 
(Baltimore Biological Laboratories) was used to  inoculate eight 150 x 
25 m m  plastic P e t r i  dishes containing t rypt icase soy agar  (BBL) with 
10 ppm manganese sulfate and 40 ppm calcium chloride a s  additives. 
Approximately 3-5 m l s  of broth culture were  inoculated onto each 
plate and spread  evenly with a s te r i le  g lass  rod; all  operations were  
ca r r i ed  out i n  a horizontal laminar  flow hood. P la tes  were  incubated 
at 3Z°C fo r  nine days at  which t ime microscopic examination revealed 
> 95 percent sporulation. 
The spores  were  harvested with s te r i le  deionized water  (10 mls lp la te )  
by gently dislodging the growth with a pipet. The suspended organisms 
were  combined and then divided among four s te r i le  plastic centrifuge 
tubes. The spores  were  centrifuged a t  10,500 x g for  10 minutes i n  a 
Lourdes LCA-1 centrifuge. The supernatant was carefully decanted 
and the spores  resuspended i n  20 m l s  s te r i le  deionized waterltube. 
This procedure was repeated twice more ;  the suspended spores  were  
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then refrigerated at ~ O C  overnight in  20 mls/tube. The following day 
the spores were washed twice more  and stored in  a concentrated 
form at 4OC. This suspension was used to inoculate approximately 
80 mls  of s ter i le  deionized water to make a l o 7  - 109 spores /ml  
suspension. This " stock" suspension was then heat- shocked in an 
800C water bath for 15 minutes, allowed to cool to ambient temper- 
ature and stored at 4OC until use a s  an inoculum. 
Immediately prior  to disk inoculation extensive dilutions and plate 
counts were  performed on the stock solution to determine the viable 
population per  milli l i ter at the time of inoculation. 
@ Disk Preparation 
The tes t  surfaces for  both the ultrahigh vacuum and the ambient 
control assays were #6061 aluminum disks, 151 16 inch in diameter 
and 0. 125 t o .  01 inch thick. Both faces of each disk were sandblasted, 
hypolappeband honed to a 15 + 5 microinch finish. A l l  the disks used 
in  the ultrahigh vacuum a s s a y h a d  a dull matte finish while about 
21 3 of the ambient control disks were shiny. This visual dissimilar-  
i ty between the disks was not a difference in microfinish and was 
therefore not thought to interfere with the recovery process. 
All the disks were hand washed in hot tap water and Alconox, rinsed 
thoroughly in  running tap water and running deionized water ,  dipped 
in  an iso-propanol bath and rinsed in  anhydrous ethyl ether. The 
disks were handled with forceps throughout and were  placed on fil ter 
paper,  five per glass  P e t r i  dish. The disks were dry-heat steril ized 
at  180°C for  48 hours,  and stored in the glass  dishes at room temper-  
ature until inoculated. 
Sample Holder Preparat ion 
The aluminum disk holders,  stainless steel spacers  and steel tops 
and screws were washed with Alconox, rinsed i n  tap and deionized 
water and rinsed finally in  acetone. The par ts  were  steam steril ized 
for  20 minutes (1 21°C, 20 lbs pressure)  and stored in  a laminar flow 
hood until use. 
@ Disk Inoculation 
Each ster i le  disk was inoculated with 0. 05 mls  of a known concentration 
of Bacillus spore suspension in  a horizontal laminar flow hood 
using a 0, 1 ml  g lass  Kimax pipet. The same pipet was used throughout 
the inoculation procedure. The liquid was placed on each disk in  a 
single drop and then spread toward the edges; a 118 inch r i m  was 
left uninoculated on each disk. The disks were  dr ied overnight i n  
closed P e t r i  dishes to  prevent possible die-off due to  direct  exposure 
to laminar  a i r  flow. 
The following morning each of the s te r i le  component holders for  the 
ultrahigh vacuum exposure disks were  loaded with five inoculated 
disks,  four spacers ,  one i ron  top and two screws ( see  F igure  3). 
All manipulations were  ca r r i ed  out in  a laminar  flow hood. Twenty- 
five tubes were  filled; 24 were  placed in  the vacuum system imme-  
diately while one was withheld for  a zero-t ime assay. 
One week l a t e r  the inoculation and drying procedures were  repeated 
for  ambient control disks. However, the inoculated disks were  not 
placed i n  tubes but were  kept in  the g lass  dishes and s tored i n  the 
dark  i n  a laboratory incubator under controlled temperature and 
humidity. 
In su  mary ,  two se t s  of disks were  inoculated, each with approximately 9 5 x 10 spores.  One set  of disks was assigned to be placed i n  the 
vacuum chamber for  UHV exposure. The second control set  was kept 
under ambient conditions. At various t ime intervals ,  five disks were  
removed f rom the UHV chamber o r  f rom the control chamber and 
assayed for  the number of survivors  a s  described below. 
Assay Procedures  
On an a s say  day a sample of five disks was removed f rom the ul t ra-  
high vacuum chamber o r  the ambient control incubator. Each of the 
disks f rom the vacuum chamber was removed aseptically f r o m  the 
aluminum holder and placed spore- side -down in  separate  g lass  j a r s  
containing 20 rnls s te r i le  1 percent peptone water  (Difco). The 
ambient control disks were  t reated similarly.  The j a r s  were  sonicated 
i n  a Branson Model A-300 tank type ultrasonicator for  12 minutes i n  a 
0. 3 percent "Tween-80'' solution. Each disk was then r insed i n  approx- 
imately 230 m l s  s te r i le  deionized water  and plated with trypticase soy 
agar. Three  one-ml aliquots of spore suspension f rom each jar  were  
diluted to the 10-5 dilution level in tubes containing 9 m l s  s te r i le  1 
percent peptone water. One pour plate at the l o m 4  and 
10-5 dilution levels was made for  each dilution ser ies .  The aliquots 
were plated in t rypt icase soy agar  and were  incubated for  approxi- 
mately 48 hours  at 320C. 
Plates yielding the most reliable colony counts (1 50-250 colonies/ 
plate) were at the dilution level for both the ultrahigh vacuum 
and ambient control assays. Colonies on the plates were too 
numerous to count. However, plate counts that were recorded for  
the 10-4 and l o m 5  dilutions were consistent with the counts used 
in statistical analysis. 
2. 1. 3. 1. 1. 3 Statistical Procedures - -  Considerable 
numerical data has been generated by the bacteriological procedures 
described in  the previous section. F r o m  each group of five sample 
disks, a set  of up to fifteen numbers resulted. Each of these num- 
bers  i s  the colony count grown f rom an aliquot of the suspension 
f rom a disk. Thus, for the vacuum survival tests  and the ambient 
control tests ,  there a r e  over three hundred data points each. A 
simple computer program has been written to handle these data on a 
statistical basis. This analysis i s  treated in  detail in Appendix A. 
In the analysis, a two parameter fit i s  made to an assumed exponential 
die-off curve using the method of least  squares. The goodness of the 
fit i s  examined by the so-called Chi-square test. 
2. 1. 3. 1 .  2 Results 
2.1. 3.1. 2.1 Vacuum - -  The vacuum system and the 
sample removal system have been described. On November 28, 1967, 
twenty-three sample tubes were placed i n  the sample carrousel. A 
twenty-fourth tube was attached to an ionization gauge so  that the 
gauge was directly exposed to the organisms on the disk. A twenty- 
fifth tube, hereafter referred to a s  Sample No. 1, was not placed in  
the chamber; i t  was assayed a s  evacuation of the chamber started 
and gave the zero-time population. 
Two thermocouples were used to measure  the temperature of the 
samples during the early stages of the study. The junction of one 
thermocouple was attached to the carrousel  and was used to detect 
any heating f rom ion bombardment. The second junction was 
inserted between the wall of a sample tube and a spacer within. 
This was used to detect any excursion of the temperature of the 
sample disks themselves. These temperatures were monitored 
during the f i r s t  three days of the study and f rom time to time there-  
after. At no time was a temperature measured which differed f rom 
room temperature by more  than four degrees Centigrade. Room 
temperature varied between 21 and 26OC, 
In Figure 4, an expected pump down curve for the vacuum chamber 
has been given. It turned out that this prediction was quite accurate.  
Except for  an  excursion overnight during the s tar t  -up procedure the 
actual pump down curve (Figure 5) was a s  anticipated. As already 
stated, sample No. 1 was assayed a s  the pump down began. After 
two hours of mechanical pumping the p ressure  was reduced to 2 /J 
(2 x 10-3 torr) .  Sample No. 2 was removed through the a i r  lock 
three hours after the s tar t  of pumping. During the next five hours 
an oil diffusion pump with liquid nitrogen t raps  and cryosorb pumps 
were  used to further reduce the pressure.  Nine hours after the 
beginning of pump down the p ressure  was about 6 x to r r .  The 
ion pump could be operated at  this p ressure  only for brief intervals 
because of pump heating. (The thermocouples at the samples showed 
no temperature rise.  ) 
During the overnight period all  pumps were valved off from the 
vacuum chamber and a small p ressure  r i se  is assumed (dotted seg- 
ment of the curve in Figure 5). The pressure  did not exceed one 
micron, the threshold of sensitivity for  the thermocouple type vacuum 
gauge being used. Within five hours of restarting the diffusion pump 
and the cryosorb pumps, the ion pump was operating and the p ressure  
was reduced to 3 x l o m 7  t o r r  in  the chamber. Twenty-seven hours 
after the s tar t  of the experiment the third sample was withdrawn. 
A p ressure  r i se  in the vacuum chamber of about one order  of magni- 
tude was observed when the a i r  lock valve was opened. This i s  indi- 
cated i n  Figure 5 by a spike on the curve. It should be noted that the 
a i r  lock pressure  prior to opening the valve was about eight microns. 
A p ressure  histogram for  the entire eight month period i s  given i n  
Figure 6. As before, the removal of each sample i s  indicated by the 
appropriate number. Other features of this figure should be ex- 
plained. Measurements with the ion gauge which was attached to a 
sample tube were  made f rom time to  time during the experiment. 
Because the gauge was a source of both heat and gas,  i t  was operated 
only for brief intervals. Each such measurement i s  indicated by a 
c r o s s  in  Figure 6, the f i r s t  being made 72 hours after s ta r t  time. 
The agreement between the p ressure  measured by the ion pump and 
that indicated by the ion gauge at the sample i s  well within the calibra- 
tion of these devices. The values given in the figures and the text 
do not c a r r y  a confidence better than a factor of two. 
On the 44th day of the experiment, i t  was necessary to shut down the 
ion pump for half an hour while repai rs  were made to the power 
FIGURE 5 
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supply. A small pressure  r i se  was observed and i s  shown in 
Figure 6 adjacent to the pressure  spike associated with the withdrawal 
of Sample No. 9. The apparent reduction of the steady state pressure  
following these repairs  may not be real. The change i s  l e s s  than the 
confidence in  the calibration. 
During the removal of Sample No. 10, one of the four sections of the 
ion pump failed, reducing the effective speed to 750 l i te rs /  second. 
Because of this loss  of capacity a small ion pump was attached to 
the a i r  lock to reduce the r i se  in  pressure  which had been experienced 
whenever the a i r  lock valve was opened. It turned out that this pres-  
sure  r i se  was completely eliminated. 
The time scale of Figure 6 prevents any feeling for  the width of the 
pressure  spike. When a sample was removed the airlock valve would 
be open for  between three and five minutes. As indicated i n  the figure 
the pressure  rose typically 1 . 5  decades (sample Nos. 3-10) a s  the 
valve was opened. The pressure  dropped to two t imes the original 
value within one minute and returned to the original value within one 
hour. 
To summarize the pressure  history of the vacuum survival study: 
The pressure  was reduced to the low l o s 7  t o r r  range in the f i r s t  24 
hours. Within 96 hours the range was attained. At the end of 
the eight month period the pressure  was about 2 x 10-8 torr .  
2. 1. 3. 1. 2. 2 Statistical Analysis - -  The bacteriolog- 
ical assay at the end'of various time periods gave sets  of numbers 
representing the number of survivors at each time. The biological 
implications of these resul ts  a r e  discussed in the next section of this 
report. In addition to plotting these data in  various ways to facilitate 
their interpretation, the method of least  squares has been used to fit 
an exponential decay curve to the measured values of n. 
The equations used in this analysis a r e  developed in Appendix A. 1. 
Also in  Appendix A. 1 a r e  several tables presenting the actual plate 
count values for the 5 x dilution made for the two environmental 
cases  and tables of analytical results. As a part of the analysis, the 
significance of the fit i s  measured by the Chi-square test. 
F o r  the case  of B, in vacuum with data for  254 d a y s ,  the 
constants for thFexponential fit turn out to be 
no = 215. 9 4-6. 3 counts 
- 
T = 442. 9 ~ 3 9 .  8 days 
- 
The total x2 for 22 degrees of f reedom in  this case i s  30. 23 which 
i s  fa ir ly  large.  Close examination of the analysis and the graphs of 
these data indicates that for  some reason,  the measurements  made 
at  t = 85 days a r e  inconsistant with the other observations. 
The calculations for the vacuum data were  repeated with this se t  of 
counts omitted. It turns  out that this  omission has no significant 
effect on the fit parameters .  
no = 2 1 9 . 4 ~ 6 . 5  - counts 
7 = 434. 8 $38. 5 days 
- 
2 However, the value of X (= 19. 34) for  21 degrees of f reedom is 
much m o r e  pleasing. 
The resu l t s  f rom the analysis of the ambient o r  control samples  show 
no significant die-off. The curve fitting gives a value for  7 of 1. 31 
x 105 - t4. 1 x l o 6  days. The lack  of change i n  population i s  best  shown 
by comparing the values of n a t  t = 0 and t = 400 days together with 
the i r  uncertainties and by noting that the uncertainty i n  n i s  g rea te r  
than the change over that period. 
A fur ther  classification of the ambient sample data may produce 
some useful information. A t ask  ca r r i ed  out ear ly  in the contract 
looked into the effects substrate  mater ia l  and surface finish might 
have on recovery and survival. These proved to be important para-  
m e t e r s  and were  used in  the selection of c a r r i e r  disks i n  the survival 
tes ts .  The aluminum disks were  purchased in two lots  f r o m  a single 
supplier. While inspection procedures  including surface roughness 
measurements  showed that the two lots  have the same numerical 
surface finish, one could see a difference in  reflected light; the f i r s t  
lot had a dull o r  diffuse reflecting appearance and the second lot was 
shiny. All  of the disks used in  the vacuurn environmental tes t  were  
taken f rom the f i r s t  lot, Of the arnbient test disks,  one-quarter 
were  dull and the remainder shiny. The m b i e n t  data was therefore 
classified into two groups according to the surface appearance 
and r e - run  through the numerical analysis. The resul ts  a r e  given 
i n  the following table. The resul ts  for  a l l  ambient data a s  a single 
group and for  the vacuum data a r e  repeated for  completeness. 
no counts 10~1-r days- l  n (400 days) counts 
Vacuum 215. 9 - t 6 .  3 2.2 - t . 2  87. 5 - t 5 .  3 
A l l  Ambient 2 0 6 . 4 t 6 . 8  - .0076 - t. 2 205. 8 - t14 .  8 
Dull Only 241. 1 - t 8 .  3 . 90  - t. 2 168. 3 - t11 .  1 
Shiny Only 204.2 - t 6 . 6  , 070  - t. 2 198. 6 - t 1 2 . 4  
The r eade r  i s  r e fe r red  to Appendix A. 1 for  a complete discussion. 
2. 1. 3. 1. 2. 3 Biological - -  Figures  7 and 8 present  
graphic representations of the survival of - B. globigii spores  exposed 
to ultrahigh vacuum and ambient control environments; F igure  7 
presents  data f r o m  zero  to  254 days while Figure 8 expands the ea r ly  
par t  of the study f rom ze ro  to  eight days. As can readily be  seen, 
B. globigii spores  show li t t le,  i f  any, die-off under ambient condi- 
- 
t ions,  although i n  an UHV environment there  appears  to be a slow 
but steady decline spore viability. The small  difference i n  recovery 
values at ze ro  days reflects differences i n  initial inoculum populations 
for  each set  of disks and possibly the "dullness" o r  shininess" of each 
disk surface; these two pa ramete r s  will be discussed i n  detail shortly. 
Of grea t  significance to the development of a Sterilization Certification 
Procedure  is the fact that of approximately 4. 9 x l o 6  viable spores  
6 inoculated on the UHV disks,  4 .8  x 10 a r e  recoverable at  ze ro  days 
(after 24 hours  drying) and 2. 38 x l o 6  a r e  recoverable af ter  254 days 
at  1es.s than 1 0 ' ~  to r r .  This data is outlined i n  detail i n  Table 9. On 
the other hand, under ambient conditions, there  i s  no significant die- 
off; after 255 days 3. 92 x l o 6  spores  of the 4. 32 x l o 6  initial inoculum 
a r e  viable and recoverable by the a s say  method employed. The appar-  
ent stability of the control population a s  noted in  Table 9 was somewhat 
unexpected- -numerous investigators have reported an exponential 
decay of spore viability over t ime i n  "ambient" environments. Our 
resu l t s  somewhat refute this statement and indicate the importance 
of determining optimal c a r r i e r  mater ial ,  surface finish and initial 
spore populations pr ior  to designing a steril ization certification pro-  
cedure. 
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SUMMARY OF RESULTS - SURVIVAL STUDIES 
P 
P e r  centage Recovery 
Days AMBIENT - U W UHV:::: AMBIEN T::* 
-
UHV 
7 A M B  
TABLE 9 (Continued) 
SUMMARY O F  RESULTS - SURVIVAL STUDIES 
Organ i sms  Recovered:: Percen tage  Recovery  
x 106 
Days  u HV :: : AMBIENT::* 
-
UHV 
-
AMBIENT UHV 
AMB 
NOTE: The r ecove ry  values  exceeding 100 percen t  a t  days  2 and 4 a r e  
not unusual  when consider ing the l a r g e  number s  of s p o r e s  on each disc .  
The bas ic  100 percent  inoculum of 4.90 x l o b  fo r  the UHV is a n  ave rage  
6 6 count as a r e  the  4 .94 x 10 and 4.99 x 10 values  at 2 and 4 days ,  
respect ively .  Thus ,  a pe r  cent  r e cove ry  exceeding 10070 could be expected 
if no die-off had occur red .  
 calculations c o r r e c t e d  for dilution f ac to r s  
( an  average  of 15 counts p e r  entry).  
::::<Percentage of inoculum placed on d i s c s  
1. UHV 4 . 9 0 ~  l o 6  = 100% 
2. AMBIENT CONTROL 4. 75 x l o 6  = 100% 
As noted in Table 9 there was a nine percent difference in recovery 
values at zero days (99. 7 percent for  the UHV disks compared to 
90. 9 percent for  the ambient disks) which, on the basis of surface 
microfinish, is unexplainable; ca re  was taken to use ca r r i e r  disks 
with identical microfinishes for both test  environments a s  was noted 
in  the preliminary experiments. However, all the disks used in  the 
vacuum assay and 28 percent of the ambient disks had a "dull" ra ther  
than "shiny" appearance. It was not thought that this parameter  
would affect either viability of spores on the disks or  their ease of 
removal in an ultrasonic bath. As is indicative i n  the data, the "dull" 
disks gave higher percentage recovery values i n  the early phases of 
the study (0-4 days) than did the " shiny" disks assayed a s  ambient 
controls at that time. A more detailed discussion of the "dull" vs. 
"shiny" disks may be found in Section 2. 1. 3.  1. 1. 2, Statistical Re- 
sults,  and in a discussion of Figure 13. 
On each day of ambient control assay  the temperature and relative 
humidity of the storage chamber were recorded a s  shown in Table 10. 
The control disks were stored in  the chamber on fil ter paper i n  closed 
glass  Pe t r i  dishes and were  kept in  the dark throughout the duration 
of the study. The r i se  in relative humidity between 157 and 197 days 
i s  unexplained but did not appear to affect recovery values (Table 9). 
The combined effects of the disk surface finish, spore population, 
aluminum c a r r i e r ,  temperature,  humidity, and lack of light have 
resulted in high recovery values for the ambient controls for up to  
eight months. This fact should be significant i n  further spacecraft 
sterilization investigation. 
Figure 9 presents  uncorrected data on - B. spore survival i n  
the UHV environment. F o r  each assay,  the mean number of 15 plate 
counts after 5 x 10-5 dilution i s  shown a s  a dot with one standard 
deviation plus o r  minus this mean represented by bars .  The standard 
deviations a r e  l a rge r  in  the early phases of the program. The count 
at 85 days does not fall in  line with the other data although the stan- 
dard deviation is quite small. This data point i s  most likely the 
result  of a procedural e r ro r .  In Table A.,4 of Appendix A. 1, this 
assay  point has  been removed and subsequent analysis indicates i t s  
effect on the curve fit i s  negligible; however, i t s  removal decreases 
the  CHI^ e r ro r .  The dark  wide curve in Figure 9 represents  the 
exponential decay predicted on the basis  of the data generated by the 
least  squares test. In general, i t  i s  a good fit with the exception of 
points at 43 and 85 days and some of the very early data (zero to 
four days). A statistical evaluation of these resul ts  i s  presented in  
Section 2. 1. 3. 1. 2. 2, Statistical Analysis; a complete tabulation of 
resul ts  is outlined in  Appendix A. 1. 
TABLE 10  AMBIENT CONTROL ENVIRONMENT 
Tempera ture  
Of Chamber 
Relative 
Humidit y 
In Chamber  
Date 
P 
Assayed 
T i m e  In 
Days 
3 h r s .  
FIGURE 9 
BACILLUS GLOBIGII SPORES - VACUUM ENVIRONMENT 
Uncorrected data for the ambient control assays  a r e  presented in  
Figure 10. The resu l t s  presented he re  differ f r o m  the UHV survival 
data presented in  Figure 9 i n  that the data f i ts  extremely well to  the 
plotted leas t  squares  curve and shows essentially no spore die-off 
over the 255 day exposure to ambient conditions. The standard devia- 
tions for  each point va ry  l i t t le over the duration of the experiment. 
Frequency his tograms of 15 plate counts for  each ultrahigh vacuum 
and ambient control assay  a r e  presented i n  F igures  11 through 14. 
The 15 points represent  three  aliquots f r o m  each of five disks assayed 
at  a specified time. F igure  12 includes vacuum data f rom ze ro  to 
15 days and points out the comparatively wide spread of data ear ly  
i n  the program,  especially after four days i n  the vacuum environment. 
This could be due to an initial variability i n  the bacteriological a s say  
techniques that was eliminated a s  the study progressed o r  to  the 
possibility of grea ter  spore clumping during the "drying" process  
i n  the f i r s t  two weeks of the UHV exposure. The difference between 
spore desiccation in  the UHV compared to the "normal" spore drying 
in  the ambient controls could be reflected in  frequency histograms. 
In the control study (Figures  13 and 14) there  is l i t t le o r  no change in  
plate count variability over the duration of the study while for  the 
vacuum data,  Sigma is seen to  decrease  (Figures  9 and 11). Perhaps  
the extreme dryness  of the vacuum environment affects the spores  
in  such a way that they a r e  removed a s  individuals by ultrasonication; 
on the other hand, the grea ter  water  content of the control spores  
might contribute to  their  relative " stickiness" and resul t  i n  somewhat 
uneven removal. 
A third factor possibly affecting the removal and frequency distribu- 
tion of the data i s  the " shininess" and "dullness" of the disk surface.  
Whereas,  all the UHV disks were  "dull", the controls consisted of 
both disk types. Table A-5 in  Appendix A. 1 t r e a t s  all the ambient 
control data regard less  of disk type; Tables A. 6 and A. 7 in. this  
appendix present  separate  d a t a f r ~ r n ~ ~ d u l l "  and"shinyU disks. It 
should be noted that there  were  no "dull" disks assayed a s  controls 
until 43 days had elapsed i n  the experimental program. The relative 
spread of data obtained f rom "dull" disks i n  the ambient assays  com- 
pared to  that f r o m  the " shiny" disks i s  i l lustrated in  F igure  13 where 
the "dull" disk data points a r e  circled. It can be noted that there  a r e  
generally somewhat higher recovery values for  the "dull" disks but 
this i s  not always the case a s  noted at 71 and 157 days exposure. 
We conclude that although the "dull" and "shiny" disks did resul t  i n  
slightly different recovery values, this difference was not statist ically 
significant and can be disregarded when applying this data to the 

FIGURE 11 
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FIGURE 1 3  
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FIGURE 14 
F R E Q U E N C Y  DISTRIBUTION - A M B I E N T  E N V I R O N M E N T  
comparison of recovery values for each of the five disk positions in  
the sample tube. In each a s say ,  the disk nearest  the i ron  top was 
t e rmed  disk No. 1 with the remaining four following in  order .  Each 
point on the graph represents  the average of three plate counts. As 
can  be noted, there  i s  virtually no difference in  recovery values 
between the five positions; this i s  thought to reflect the uniformity 
of the vacuum in each tube and i s  substantiated by resul ts  presented 
in the vacuum section of this report .  
Some concern was expressed ear ly  in  the program that there  would 
be some spore outgrowth and subsequent increase  i n  cell  numbers 
f r o m  the t ime each disk was placed i n  20 m l s  peptone water until 
each aliquot was finally plated. The dilutions required for  each of 
the five disks were  somewhat extensive and i t  was felt that the l a s t  
disk diluted and plated might erroneously show a higher recovery 
value. Figure 1 6  presents  data  to  indicate that this  was not the case. 
The plate counts f r o m  the fifth dilution se r i e s  were  never consistently 
higher than those f rom the f i r s t  four dilution ser ies .  We feel  the data 
generated has  not been influenced by this t ime factor  (perhaps due 
to  the chilled 4OC peptone water  dilution tubes) and represents  
biologically and statist ically valid plate counts. 
development of a Sterility Certification Plan. Figure 15 presents  a 
It should be noted that i n  al l  ca ses  the plated disks themselves 
resulted i n  counts that were  too numerous to  count (TNTC). This  
was  to  be expected i n  view of the relatively heavy initial inocula and 
the comparatively small  decrease  i n  spore viability i n  both the ul t ra-  
high vacuum and ambient control assays  over the duration of the 
experiments. Even though the percentage removal at ze ro  t ime was 
g rea te r  than 90 percent,  the remaining organisms were  prevalent 
enough to resul t  i n  colonies that were  much too numerous to count. 
In summary,  our resu l t s  indicate that the effect of ultrahigh vacuum 
alone on the survival of Bacillus globigii spores  over an eight- 
month period is slight when compared to  initial inocula populations. 
These resul ts  a r e  i n  agreement with those of other investigators,  
notably J. Hotchin e t  al (COSPAR, Life Sciences and Space Research,  
N. Holland Publishing Company, 1968) who have proposed that the 
lethal factor of space is exposure to solar  radiation and not high 
vacuum, per  se. It i s  concluded that B. 
- 
" spores  a r e  ideal 
tes t  organisms fo r  long t e r m  ster i l i ty  certification procedures and 
that statist ically valid experiments can be designed using the data 
presented which would yield meaningful recovery values over ex- 
tended t ime periods. 

FIGURE 16 
SURVIVAL CURVES O F  1st AND 5th  DILUTION SERIES - 
2. 1. 3. 2 Ultraviolet Light Exposure 
Experiments to  determine the resis tance of the t e s t  organism to 
ultraviolet (UV) radiation i n  intensities corresponding to one-third 
that of the sun had to be performed separately f r o m  ultrahigh vacuum 
exposure experiments for the following reasons.  The bactericidal 
effects of ultraviolet light under ordinary atmospheric p res su res  a r e  
well known for  many groups of microorganisms. At light intensit ies 
near  that of the sun, microorganisms would be expected to  survive 
for  only short  periods of t ime - on the order  of minutes o r  hours. 
Moreover,  previous work performed by Silverman, et  a1 (P rogress  
Report,  NRC Projec t  No. 81 -1-0102, 1964) shows that bacterial  
spores  of the genus Bacillus a r e  even m o r e  susceptible to the killing 
effects of UV light after being subjected to  desiccation i n  an UHV 
environment. Ultrahigh vacuum exposure of the tes t  organism was 
planned for  periods of up to eight months in support of the development 
of a steril ization certification procedure. Thus, i n  order  to  under- 
stand the effects of the ultrahigh vacuum alone on spore viability, 
the ultraviolet tes t s  were  ca r r i ed  out on different samples in  a dif- 
ferent vacuum system. By so  proceeding, i t  was hoped that meaning- 
f u l  data could be generated i n  both studies and significant comparisons 
made of the overall effects of ultrahigh vacuum and ultraviolet light 
on recovery of the tes t  organism. 
In an  investigation of the biological effects of i r radiat ion on cell  
viability the following fac tors  should be considered in  detail: 
@ ORGANISM 
@ GROWTH PHASE 
@ DISTRIBUTION 
@ PRESENCE O F  INTRA AND EXTRACELLULAR WATER 
@ PRESENCE OF PROTECTIVE COMPOUNDS 
@ PRESENCE O F  OXYGEN 
@ PRESENCE OF ORGANIC MATTER 
@ TEMPERATURE 
@ PRESENCE OF REACTIVATING LIGHT 
These variables ,  together o r  in par t ,  great ly  affect the recovery 
values of i r rad ia ted  microorganisms and were  considered in  this 
investigation. The major  concern of this study, however, was to 
generate data that would be  direct ly  applicable to  the development of 
a s ter i l i ty  certification plan. It was necessary to determine the 
basic  behavior of the test  organism in  ultrahigh vacuum and ul t ra-  
violet light and to attempt to  optimize the recovery values in  UV light 
so that this variable could be utilized meaningfully in  a tes t  plan. 
In Section 2. 1. 3. 1. 2 of this  report  the ultrahigh vacuum tes t  resu l t s  
suggest that meaningful recovery values can be obtained f r o m  a tes t  
plan lasting eight months. In this section we present  data indicating 
that for  any meaningful recovery following i rradiat ion with UV light, 
the t r a c e r  organism should be applied in  thick suspensions, thus 
assuring recovery of viable organisms over a significant t ime period. 
When interpreting resu l t s  of spore viability following ultraviolet 
irradiation, the possibility of par t ia l  r eve r sa l  of the damaging effects 
of UV by the action of light of longer wavelengths (photoreactivation) 
should be considered. In this  study no effort was made to i r rad ia te  
the specimens in  only ultraviolet light. Other wavelengths emitted 
by the UV lamp,  i n  addition to  normal  laboratory lighting, were  
fac tors  affecting the samples. The samples were  sonicated imme-  
diately following i rradiat ion (within 5 minutes) and plated within one 
half hour. It was felt that for  the purpose of this  study the concern 
with photoreactivation could be minimized. 
The probability that a portion of spores  inoculated on a surface will 
be protected o r  shielded f r o m  di rec t  ultraviolet i r radiat ion by other 
spores  is quite l a rge  depending on the concentration of spores  per  
unit a r e a  and the method of inoculation. In the present  study inocula 
of approximately 4 x 106 viable spores  were  placed i n  liquid suspen- 
sion on each disk (151 16 inch in  diameter).  In the drying process  it 
was possible that some spores  clumped and formed l aye r s  while 
other a r e a s  of the same disk dr ied i n  spore monolayers. This 
variable of cell  distribution i s  extremely important when irradiating 
with poorly penetrating radiation such as ultraviolet. The variability 
in  the data presented i n  this  study i s  a direct  reflection of this  pa ra -  
meter .  
2. 1. 3. 2. 1 Methods 
2 .  1. 3. 2. 1. 1 Vacuum - Ultraviolet - -  It has  
been demonstrated i n  this report  that for  bacteriological reasons,  i t  
was preferable to  separate  the long t e r m  ultrahigh vacuum survival 
t e s t s  f rom the ultraviolet radiation exposure tests .  F o r  these t e s t s ,  
a bell jar  vacuum system was designed and fabricated. 
The system consisted of three  bell j a r s  connected to  a single diffusion 
pump through valves and a manifold. Two of the bell j a r s  were  used 
for  the ultraviolet light exposure tes t s  and the third for  cer tain measure-  
ments  of the physical behavior of organisms. One of the ultraviolet 
tes t  stations is depicted in  Figure 17. Radiation f rom the lamp 
entered the vacuum region through a quartz window. It was reflected 
by a m i r r o r  onto the samples. Disks s imilar  to  those used i n  the 
long t e r m  vacuum te s t  were  used a s  organism c a r r i e r s .  
The design guidelines fo r  this  vacuum system were  a s  follows: 
Vacuum of l o m 7  t o r r  
@ Rapid recycle t ime when changing sampler  
* Flexible arrangement for  sample placement 
* Continuous operation for  periods a s  long a s  weeks 
@ Windows and other optical elements transmitting in  the ul t ra-  
violet region 
@ Radiation intensity of the o rde r  of one equivalent sun 
@ Radiative sample heating controlled to  keep temperature 
below 500C. 
Through a selection of pumps, valves,  gasket mater ia l s ,  and pipe 
s izes  the f i r s t  two requirements  were  met.  High vacuum was attained 
using a Welch type 1402 B, five c fm forepump and a four inch oil 
diffusion pump. The speed of the diffusion pump was 1000 l i t e r s /  
second. A four-inch liquid nitrogen cooled chevron baffle was 
placed between the diffusion pump and the bell jar  manifold to  p re -  
vent the backstreaming of pump fluid. High conductance, straight- 
through valves were  used to isolate each of the bell j a r s  f rom the 
pumps. Four-inch diameter  pipe was used for  a l l  high vacuum 
pumping connections. 
A second connection between each bell j a r  and a second mechanical 
pump was made with one-inch pipe and valves. Through the proper  
valving sequence, i t  was possible to  operate each bell j a r  indepen- 
dently. If, fo r  example, bell j a r  A were  open to the atmosphere 
while bell  jar  B was being evacuated by the diffusion pump, and i t  
was  desired to  evacuate A, this could be done without disturbing B 
by roughing A through the one-inch line until a p res su re  of a few 
microns  was attained and then opening the four-inch valve to  bell  
jar A, Even when only one bell j a r  was in  use ,  this procedure was 
useful a s  i t  was not necessary  to  cool the diffusion pump each t ime 
the bell jar was opened to change samples.  
FIGURE 17 
SAMPLE HOLDER 
WINDOW 
To a s s u r e  t ransmission of the desired ultraviolet radiation only 
quartz  elements and front sur face  microns were  used i n  the optical 
path. The light source was a 200-watt Os ram o r  equivalent PEK 
mercury  shor t -a rc  lamp. The spectral  output of these lamps i s  
shown in  F igure  18. F o r  comparison the so lar  spectral  i r radiance 
is given i n  F igure  19. A quartz lens  was placed between the source 
and the vacuum chamber window. By adjusting the position of this  
lens  the field of exposure to the radiation within the bell j a r ,  and 
hence the intensity, could be varied. 
The test  organisms were  ca r r i ed  on aluminum disks approximately 
one inch i n  diameter  and 118 inch thick. A check was made to de ter -  
mine i f  after prolonged exposure to  the light source the disks exper- 
ienced a harmful temperature r i s e ;  no such r i s e  was observed. 
The intensity of the radiation incident on the sampler  was measured 
by substituting for  the disk c a r r i e r  an  Eppley Thermopile. This  i s  
a black body radiation detector which measures  the total power inci- 
dent at all wavelengths. The intensity was measured  at  several  points 
and averaged to  25 mill iwatts/square centimeter (1. 5 x l o 7  e rg /cm2/  
min). The solar  constant outside the ear th  atmosphere i s  140 mill i-  
watts/  square centimeter. Thus the radiation used i n  these experiments 
was about one-fifth of a sun. 
2. 1. 3. 2. 1. 2 Bacteriological Procedures  -- 
Bacillus globigii, the t r a c e r  organism described i n  the ultrahigh 
vacuum section, was utilized i n  the ultraviolet light tes t s ;  spores  
ra ther  than vegetative cel ls  were  again selected due to  their  inherent 
stability and resis tance to  environmental s t r e s s .  F o r  example, i t  
has  been reported in the l i te ra ture  that vegetative forms of bacter ia  
generally have D-values of 50,000 rads  o r  less .  Spores on the other r 
hand, generally have D-values of 200,000 rads  o r  less .  
The spores  were  grown, harvested, heat-shocked and diluted to a 
suitable concentration for  inoculation a s  previously described in  
Section 2.1. 3 .  1. 1 .  The c a r r i e r  mater ia l  was again 6061-T6 aluminum 
disks,  identical i n  make-up and surface finish to  the disks used in  the 
ultrahigh vacuum exposure tests .  However, for  this study, the disks 
were  hand-lapped on 600 g r i t  paper to remove "dullness" and to pre-  
sent  a uniform surface in  t e r m s  of reflectance character is t ics .  
Inoculation of each surface with a known concentration of spores  was 
ca r r i ed  out in  a laminar  flow work station; the disks were  allowed to 
d r y  approximately 18 hours  pr ior  to use, The disks were  i r radiated 
i n  se ts  of three  in an evacuated bell jar a s  described i n  Section 2.1. 3. 2. 1. 1. 
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Following exposure the samples  were  removed and each placed i n  
20 m l s  1 percent peptone water ,  ultrasonicated, diluted a s  necessary ,  
plated, incubated and counted a s  outlined i n  the ultrahigh vacuum 
methods. 
In this study tes t  disks were  i r rad ia ted  under high vacuum conditions 
to r r ) .  "Control" disks were  i r radiated in the same  chamber 
and with identical optics a s  the t e s t  disks ( see  F igure  17); however, a 
normal  atmospheric p res su re  environment was maintained during 
testing of control disks for  comparative purposes. The resu l t s  ob- 
tained previously f rom the ultrahigh vacuum and ambient control 
a s says  (Section 2. 1. 3. 1) indicated that die-off during the f i r s t  t h ree  
hours  of exposure to  these conditions were  negligible; therefore,  these 
t e s t s  were  not repeated i n  this  ultraviolet study a s  controls. 
2. 1. 3. 2. 2 Results and Discussion --  An attempt was  
made to  t r ea t  the resu l t s  of the ultraviolet survival t e s t s  statist ically 
i n  the same  way that the long t e r m  vacuum data were  treated. The 
resu l t s  of the attempt to  fit the data  to  an exponential curve i n  each 
of the cases  (vacuum and a i r )  is included as Appendix A. 2. As can 
be seen  f rom the extremely l a rge  z2 values there i s  no justification 
fo r  a fit to  this simple function. 
A m o r e  subjective study of the data  (Figure 20) suggests that i n  each 
case  the decay might be the sum of two exponentials with the knee of 
the curve coming at about four minutes. To  tes t  this  idea,  the data 
fo r  each case  were  divided into two pa r t s  with the four-minute data 
appearing in each part. The values fo r  z 2  were  slightly reduced by 
this  procedure but not sufficiently to  justify the technique. These 
resu l t s  a r e  a l so  included in  Appendix A. 2. 
F igure  20 presents  a summary  of the data generated i n  the ultraviolet 
survival study. The number of viable spores  recovered i s  plotted 
against exposure t ime in  minutes. Recovery values f r o m  disks at  
ze ro  t ime (no irradiation) a r e  i l lustrated in  the Tables presented in  
Appendix A. 2. Consistent recovery values were  obtained f r o m  the 
zero-t ime disks and thus se rve  as controls for  the experimental pro-  
cedures.  
As can be noted i n  Figure 20, the survival values for spores  i r radiated 
in  the a i r  a r e  higher than corresponding values for  spores  i r radiated 
in  a high vacuum environment. This  data i s  consistent with that of 
Silverman et a1 (NRC Projec t  No. 81-1-0102, NASA Contract No. 
NAS W-773, 1964) who showed that spores  of B. subtilis were  l e s s  
- 
F I G U R E  20 
S P O R E  SURVI'trAL F O L L O W I N G  U L T R A T J I O L E T  
IRRADIATION 
l.22 $5 a 3 0  
EXPOSURE T I M E  IN M I N U T E S  
UV resis tant  when ultrahigh vacuum-dried than when a i r  dried. The 
moisture  remaining in the air-dr ied spores  may in  some way protect 
the cel ls  f rom the damaging effects of UV light. The possibility of 
ozone protection a lso  exis ts ,  particularly i n  the longer i r radiat ion 
periods in  a i r .  The survival values of spores  i r radiated in  a i r  a r e  
seen to decrease  i n  slope f rom about four minutes on. This i s  un- 
explained but may  be due to  "stackingtt and shielding of spores  on the 
aluminum disks. 
Spores i r rad ia ted  i n  a high vacuum environment rapidly decrease  i n  
viability i n  the f i r s t  four minutes of i r radiat ion;  again, the curve 
levels  out with viable spores  recovered af ter  60 minutes exposure 
to  the UV source.  The occurrence of some degree of photo-reactivation 
at these longer exposure t imes  cannot be ruled out and may have r e -  
sulted i n  the comparatively high recovery values at  60 minutes. The 
scope of the cur rent  program did not allow fo r  extensive experimenta- 
tion with photo-reactivation; i t  i s  suggested that this phenomena be 
examined fur ther  a s  i t  i s  applicable to  the development of s ter i l i ty  
certification procedures.  
As can be noted i n  F igure  20,  there  i s  a relatively wide spread of 
data within each t ime  interval of exposure. Numerous attempts to  
reduce this variabili ty were ,  in general,  unsuccessful. Other workers  
such a s  Si lverman (personal communication) have had s imilar  diffi- 
culty i n  obtaining reproducible data within one o rde r  of magnitude i n  
ultraviolet light studies where ve ry  slight fluctuations i n  organism 
clumping o r  layering and fluctuations in  UV light intensities lead  to 
wide differences i n  recovery values. In this  study the surface finish 
of each disk was essentially uniform; however, there  was no way of 
controlling the manner  i n  which the 0. 05 m l  liquid inocula dr ied  on 
each disk. L. K. Lozina - Lozinsky (COSPAR, Life Sciences and 
Space Re search ,  N. Holland Publishing Company, 1968) and o thers  
have pointed out the numerous ways of obtaining "protection" f r o m  
UV shortwave i r radiat ion - clumping and layering being a pr ime 
method. It was found by P e t r a s  and Bisa  (COSPAR, 1968) that thin 
protein f i lms  protected B. globigii spores  f r o m  radiation encountered 
in  the stratosphere.  It is felt that much of the variability i n  our  
study resulted f rom spores  shielding others  against the damaging 
effects of UV light. Note that at ze ro  t ime with no i r radiat ion r e -  
covery values a r e  ve ry  consistent. 
In summary,  the data  generated i n  the ultraviolet exposure phase of 
this study point out that high concentrations of organisms (approxi- 
mately 109) must  be applied to tes t  surfaces i n  a solar  simulation 
tes t  i f  significant numbers of organisms a r e  to  be recovered. Since 
exposure to  ultrahigh vacuum resul ts  in  relatively small  die-off 
values,  the cr i t ical  factors  during a steril ization certification pro-  
cedure appear to be the intensity and length of exposure to  solar 
radiation. 
2 . 2  TRANSPORT ANALYSIS 
2. 2.1 Introduction 
This section repor ts  the resu l t s  of analytical studies undertaken to 
gain understanding of the mechanisms whereby microorganisms 
f rom probable contaminated s i tes  might recontaminate a s te r i le  
lander capsule. 
The hazard of recontamination in a planetary landing mission be- 
gins immediately upon completion of the terminal steril ization of 
the lander - canister  assembly. The exterior environment of the 
canis ter  during storage, handling, and launch pad operations i s  
kept clean - but not s ter i le .  The canister i s  mated to an unsterilized 
spacecraft  and this combination i s  enclosed in a launch shroud. It 
i s  therefore inevitable that a contaminated burden i s  launched with 
the spacecraft  and i t  may  be assumed that a portion of this contami- 
nation survives and i s  distributed over the exter ior  spacecraf t  and 
canister surfaces throughout the interplanetary journey. 
Until it i s  opened during the lander deployment phase, the canis ter  
i s  expected to se rve  a s  a b io-bar r ie r  to maintain the s ter i l i ty  of 
the lander capsule. Because of the necessity of minimizing canister 
weight, implementing the venting of internal p res su re ,  etc. , the 
design of this bio-barr ier  i s  not a trivial  problem. It i s  assumed 
he re  that an  adequate canis ter  design shall be developed and that 
lander s ter i l i ty  can be assumed through al l  mission phases until 
the spacecraft  embarks on i t s  interplanetary course.  The scope 
of the present  work i s  l imited to consideration of the recontamination 
hazards ar is ing af ter  the spacecraft  has  been placed in the inter-  
planetary environment. (The complete mission sequence we have 
considered i s  given in Appendix B. ) 
P r i o r  to deployment, the p r imary  recontamination hazard of con- 
ce rn  i s  the possibility of microbial  entry into the canis ter  through 
holes opened by micrometeori tes .  When the canister lid i s  jettisoned, 
a much l a rge r  a r e a  of the lander i s  exposed, the recontamination 
threat  i s  great ly  enhanced, if significant numbers of viable organisms 
sti l l  pers i s t  in the environment. Whether of not recontamination 
actually occurs  in either of these cases  depends on the physical fea- 
tures  of the spacecraft  environment, the distribution of microbes 
and other contaminated part ic les  about the spacecraft ,  the possible 
motions of particles,  etc. 
2. 2. 2 Recontamination Hazard During Space Flight 
To provide a bio-barrier impervious to all micrometeorites which 
cannot mechanically impsir the lander would impose an unreasonable 
weight penalty on the canister design. It can therefore be expected 
that, during a space flight of several months, a number of punctures 
of the bio-barrier will occur. It i s  possible for small particles, 
which may be moving about because of vibrations associated with 
various spacecraft maneuvers, to penetrate these punctures and 
contaminate the lander. W. H. ~ o b e ~ l  has considered the probable 
meteorite damage to a biolthermal barr ier  model during a 200-day 
space flight on the basis of NASA meteoroid impact models. The 
bio/ thermal barr ier  consisted of 0. 020" aluminum overlaid by eight 
sheets of 0. 005" aluminized mylar space 0. 125" apart. For this 
particular barrier  concept, Tobey found an average punctured area  
Sp of 3 . 4  x sq. ft. per square foot of canister area  and estimated 
the probability P of recontamination by a particle enterin a micro- P t 
meteorite hole from an arbi t rary  direction to be 1. 1 x 10' . Assuming 
that the average punctured area  during the course of the spaceflight 
i s  112 Sp.A, where A is  the total exposed area  of the canister, the 
recontamination probability may be estimated a s  
where L is  the number of microorganisms redistributed on each 
square foot of spacecraft surface. Equation (1) can be solved for 
an estimated minimum value of L resulting in a given PC; for 
example, taking PC = and A = 650 sq. ft . ,  Tobey finds 
= 82,000 microorganismslsq. ft. ( 2 )  
'w. H. Tobey: Flight Capsule Contamination Probability from Viable 
Organism Penetration of Bio--Barrier Meteorite Holes. Report PR 22- 
10-2, Martin Marietta Corporation, Denver, Col. (1966). 
This vaiue can be compared with the number of organisms deposited 
on the spacecraf t  exterior a t  the t ime of launch, which i s  anticipated 
to range f r o m  lo5 to 106/sq. ft. This range and the resul t  obtained 
in ( 2 )  imply that a t  leas t  8% of the surface contaminated mus t  be 
re leased  and redeposited on the surface to give a recontamination 
probability a s  high a s  10-4. 
It can be expected that the spacecraft  surface contamination will be 
great ly  reduced by exposure to radiation and that only a fraction of 
any released part ic les  will re turn  to the surface. The above prob- 
ability est imates  therefore seem ve ry  conservative, and i t  would 
appear unlikely that the recontamination probability pr ior  to the de-  
4 ployrnent sequence can be a s  much a s  10' . 
2. 2. 3 Recoltamination Hazards During Deployment Maneuvers 
The issues neglected in the analysis of the foregoing section become 
highly important to the discussion of recontamination hazards during 
the deployment maneuver. Jettison of the canister l id  leaves a l a rge  
aper ture  in the bio -bar r i e r  . The probability of lander contamination 
i s  near  unity for  any microorganism passing through this aperture .  
Unresolved, however, a r e  the questions: How many viable organisms 
will have survived on the spacecraft  exter ior  until the initiation of 
lander deployment? How many of these will be ejected by the mechani- 
cal  shocks associated with deployment maneuvers  ? What i s  the prob- 
ability that a re leased  organism will intercept the lander at any t ime 
during the deployment sequence ? Insufficient information i s  available 
to completely answer these questions. 
2. 2. 3 .  1 Organism Survival 
In Section 2.1. 3. 1. , data i s  reported which suggests that microorganisms 
can survive long exposures to ultrahigh vacuum with relatively l i t t le 
die-off. Solar UV radiation i s  effective in killing bacteria,  causing a 
decade reduction in a few seconds; however, a small  residuum of highly 
resis tant  organisms has been consistently noted. : Solar protons 
- -  - - - --- 
2 W. A. Cosby and R. G. Lyle: The Meteoroid Environment and Its 
Effects on Materials and Equipment, NASA SP-78, 1965. 
:# It i s  conjectured that this occurs  because UV does not penetrate 
l a rge  spore clumps. 
a lso  constitute a n  intense lethal radiation for  microorganisms;  but, 
l ike solar  UV, this radiation i s  incident only f rom the direction 
of the sun. Moreover,  the bull: of these protons a r e  of such low 
energy (1000 to 2000 eV) that they a r e  able to penetrate l e s s  than 
one microbe diameter .  The effective dose r a t e  on microbes of 1 pl 
diameter  for  so lar  wind protons i s  approximately 10 r ad l sec  near  
the earth.  + The dose level required for  a decade reduction in the 
number of ranges up to perhaps 4 x 105 rads  (Fig. 21). Thus, a 
decade reduction of microorganisms by solar  wind proton exposure 
requi res  a s  much a s  10 hours. A spacecraf t  will a lso be exposed 
to radiation belts, solar  f la res ,  and cosmic radiation. The hard 
compolent of the cosmic radiation i s  much m o r e  penetrating than 
the solar  wind, but i ts  dose r a t e  is perhaps two o r  three  o rde r s  of 
magnitude l e s s .  The dose r a t e  f rom solar  f la res  and radiation belts 
can be quite high, but the expected total exposure to these radiations 
i s  ve ry  uncertain. 
We conclude that the viable organism burden on spacecraft  surfaces 
will mos t  probably be reduced by several  decades during an  inter- 
planetary spaceflight, but that unknown number s of shielded organisms 
will survive. These shielded organisms may  be located in crevices  
o r  shadows, o r  be embedded in clumps o r  other solidified surface 
debris.  The mos t  reliable natural bactericidal agent i s  solar  ul t ra-  
violet radiation, but intense psr t ic le  radiation f rom solar flar es  m a y  
be m o r e  effective. 
2. 2. 3. 2 Conditions for Organism Release 
The canis ter  l id  jettison maneuver can be expected to eject into the 
environment some portion of the spacecraft 's  surviving micro-  
organism burden. The vibrat iom of a canis ter ,  canister lid, and 
spacecraf t  s t ruc ture  induced by a separation explosion consist  of 
sharp  t ransient  shocks and s t ructural  oscillations in character is t ic  
t The flux of protons a t  the ear th ' s  orbi t  reportedly averages about 
5 x 107/cm2/sec ;  each proton has  an energy of about 2 x 10-9 ergs .  
Assurnin the protons will penetrate about 10-4 cm of water (density 9, 1 g m / c m  ), the dose r a t e  i s  : 5 x 107 x 2 x 1 0 - 9 / 1 0 - ~  = 1000 e r g s /  
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modes. The initial shock will certainly release microbes deposited 
very near to the separation joint. It i s  not clear, however, whether 
the shocks and oscillations which reach remote locations also neces- 
sarily release microbes. 
It may be supposed that the separation of a particle from a surface 
involves two conditiolls: (1) the tension between the particle and 
surface overwhelms the binding force, and (2) the impulse given to 
the particle exceeds some minimum value. If the range of the binding 
force is  sufficiently short, the second condition i s  unimportant, com- 
pared to the first. In that case, the minimum condition for particle 
release by very short pulses can be characterized by a minimum 
s t ress  rise, Sc. For the case of sinusoidal surface oscillations, the 
threshold release condition i s  expressed by a minimum acceleration, 
gmin. If m and a a r e  the mass  and radius of a particle bound by a 
force FB, the approximate magnitudes of Sc and gmin a r e  given by 
The magnitude of FB, for particles of a given size, can vary widely 
depending on the roughness of the surface, the presence of any 
chemical adhesives, the magnitude of electrostatic effects, etc. 
About the weakest attractive force to be expected i s  the purely 
van der Waals attraction between a particle and a rough surface. 
The magnitude of this force i s  a sensitive function of the separation 
of the particle edge. 
The force between a plane surface and a 1 p diameter particle with 
a high dielectric constant (7 5) i s  shown in Figure 22. The force 
law on which this figure i s  based i s  derived from a theory by 
~ i f s h i t z ~  in Appendix C. 1. As the particle edge to plane surface 
separation, x, i s  reduced from one particle diameter down to about 
one atomic diameter, the force increases from 2 x 10-12nt to 
2 x 1om6nt. These extreme values correspond to s t ress  values, 
6 
c; of 2. 6 and 2. 6 x 10 nt/rn2, respectively, and threshold acceler- 
ations, 3 gmin' of 5 x 10 and 5 x 109 m /  sec for 1 p diameter particles. 
For larger particles, the corresponding values a r e  smaller. 
5 
Lifshitz, E. M . ,  J. E. T. P. 2 ( l ) ,  73 (1956). 
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The implication is  that there is  no well defined release threshold - 
that to release the microbes which may be normally bound to a 
surface may require anything from a slight jar to a severe shock 
pulse. Experimental data reported in Section 2. 3 tend to confirm 
this conjecture. It was found that accelerations a s  low a s  34 G 
released significant numbers of microbes, while very tightly 
bound microbes were not released by accelerations a s  high a s  
7000 G. 
2. 2. 3.  3 Particle Movement in the Interplanetary Spacecraft 
Environment 
The probabilities of contaminated particles intercepting the probe 
during the deployment maneuver can be expected to depend in com- 
plex ways upon the asymmetries of the environment about a space- 
craft. Because of such asymmetries, a study of the details of 
particle motion about a spacecraft was undertaken to obtain a clearer 
picture of the recontamination hazard to be faced. The motion of 
a given particle can be characterized by a set  of parameters defining 
the particle 's properties, i ts initial location and velocity, the space- 
craft environment, etc. The particular values of these parameters 
determine whether the particle moves from one point on the space- 
craft to another, moves in a stable orbit, o r  escapes the spacecraft 
entirely. Some indication of the typical ranges of particle and space- 
craft properties can be found in data currently available and by simple 
theoretical considerations. In the discussion which follows, such 
considerations lead to a certain knowledge of the significant forces 
and typical time intervals which characterize the recontamination 
threat posed by particles of given properties. 
An important separate question is: How many particles a r e  likely 
to have properties within any given parameter range? The present 
work does not attempt to be a f u l l  consideration of all of the prob- 
abilities involved. It i s  felt that a s  more i s  learned empirically 
concerning the various statistical effects, the results of this analysis 
can be useful in determining an approximate recontamination prob- 
ability during the deployment mission phase for specific spacecraft 
configurations. 
2. 2 .  3. 3. 1 Spacecraft, Microbe, and Environmental Models - - 
It i s  neither possible nor desirable to specify the spacecraft configuration 
or the properties of the microbes in minute detail. The most valuable 
results can be expected from investigations of general features which 
apply to every case. As a simple spacecraft model we consider a 
metallic sphere embedded in the interplanetary environment (see Figure 
23. ) The local environment around the spacecraft may be thought of a s  
comprised of the following interacting components: 
Electric field of spacecraft surface charge 
Spacecraft gravitational field 
Trapped charged cloud (aggregate properties) 
Solar wind (protons and electrons) 
Individual particles of trapped cloud 
Solar radiation 
Interplanetary magnetic field 
Other interplanetary matter . 
In this environment, a particle, e. g. a proton, electron, microbe 
or dust particle, etc.,  experiences a force which accelerates it  
toward or  away from the spacecraft, depending on i ts  position, 
charge, size, mass,  etc. The important components of the force 
on a particle a r e  the gravitational, Coulomb, and short-range 
interactions with the spacecraft, the solar radiation force, and 
collisions with other objects, etc. 
At any point in space, a potential energy resulting from the com- 
bination of the several forces (excluding the radiation force) can 
be calculated. The net force on a particle i s  obtained by calcu- 
lating the gradient of this potential energy and adding a radiation 
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term. The possibility of being trapped exists for those particles 
for which the sum of kinetic energy and potential energy (i. e. 
total energy) i s  l ess  than a certain escape threshold energy, UB. 
The value of UB i s  always negative because of asymmetrical 
radiation force effects. 
In the restricted region outside the spacecraft's shadow, a solar 
radiation term may be included in the potential energy. We there- 
fore assume the potential energy U to be the sum of the gravitational, 
electrical, van der Waals (short range), and radiation terms: 
This gives the correct  solar radiation force a t  any point where 
the full solar disk is  in sight. For  the spherical spacecxaft model, 
the following conclusions can be drawn concerning the separate 
t e rms  of equation (5): 
The gravitational potential energy of a particle of mass,  m ,  in 
the presence of a spacecraft of mass  M, i s  given by Newton's 
well -known equation 
where r is  the distance separating the centers of the two masses,  
The determination of the electrical potential energy for the given 
circumstances i s  an especially complex problem. Under equili- 
brium conditions, a balance between the solar wind proton, and 
electron currents to the spacecraft and the photoelectron current 
caused by ultraviolet radiations establishes a slightly positive or 
negative surface potential on the spacecraft. 
At low, interplanetary plasma densities, the photoelectric emission 
dominates giving r i se  to positive surface potentials. An evaluation 
of the current balance a t  low plasma densities i s  given in Appendix 
C. 2. It suggests that the maximum positive surface potential 
attainable is  about seven volts. A t  much higher plasma densities, 
the incoming electron flux becomes dominant. In this case, the 
maximum possible negative surface potential i s  given by the electron 
energy, which i s  again of the order of, a t  most, a few eV. 
A significant contribution to the net electric potential may be due 
to the negative space charge which develops in the shadow of the 
spacecraft. It i s  shown in Appendix C. 3 . ,  that this space charge 
may extend for several hundred meters  away from a large space- 
craft and overbalance a t  large distances the potential due to the 
spacecraft surface charge. 
Rigorous analytic expressions for the potential a t  an arbitary 
point due to the total charge distribution have not been obtained. 
In the near vicinity of the spacecraft, the electrostatic environ- 
ment is dominated by the spacecraft surface charge. For a 
spherical metallic spacecraft, the potential energy of a particle 
in this environment i s  
where VR is  the potential a t  the surface of the sphere whose 
radius is  R, r is the radius to the location of the particle which 
car r ies  an excess charge Q, and X i s  the "Debye length" which 
characterizes the screening effect of the space charge. Equation 
( 7 )  i s  sufficiently accurate to determine approximate trajectories 
of small charged particles a t  distances within a few spacecraft 
radii. 
The significant range of van der Waals forces is  less  than cm, 
which i s  indeed smaller than the dimensions of all particles being 
considered. It i s  therefore pointless to consider the influence of 
these forces on geometrical trajectories. For particles which 
a r e  unattached to the vehicle surface, we take the short range 
potential energy to be 
The radiation environment of the spacecraft i s  comprised of 
incident radiations from the sun and the planet, the portions 
of these which a r e  reflected from spacecraft surfaces, and the 
spacecraft's own thermal radiations. This combination of 
radiations produces a force on any particles in the vicinity of 
the spacecraft. The exact magnitude of the force depends on 
the effective absorption and reflection cross  sections of the 
particle a t  various wavelengths. 
Two regions must be treated: Outside the space vehicle's shadow, 
the radiation pressure on a particle having an electromagnetic 
cross section can be represented by the potential energy 
where Z is  the displacement of the particle in the direction 
parallel to the solar radiation. Near the earth's orbit, the 
value of C RA D' which varies a s  the inverse square of the dis- 
tance to the sun, i s  about 4.6 x nt/m2. The effect of the 
various thermal and reflected radiations is  generally much 
smaller and i s  not treated here. 
The interplanetary magnetic field produces a small force on all 
moving charged particles. The magnitude of the force i s  
where q i s  the particle charge, B is the magnetic field and V is  a the particle's velocity component perpendicular to the magnetic 
field. The velocity VL is  assumed to be relative to the local 
solar wind velocity Vs. The magnitude of this relative velocity 
i s  essentially that of the soiar wind; i. e. about 500 kim/ see. In 
a coordinate system moving with the spacecraft, the force can be 
derived from a potential energy 
U M A ~  = q V  B X ,  s 
where X i s  a coordinate perpendicular to B and Vs. 
The magnitude of this force on a singley ionized particle i s  of the 
order of 8 x 1 0 - ~ 3  Newtons, which is  -- 5 percent of the radiation 
force for the smallest radii particles being considered. The 
magnetic force may therefore be safely neglected from further 
consideration. 
The important parameters assumed to characterize the spacecraft, 
particle properties and surrounding environment for the purposes 
of this analysis a r e  listed in Table 11. The spacecraft i s  assumed 
to be a metallic sphere a s  a matter of convenience. The surface 
of the spacecraft attains a positive potential a s  a consequence of the 
balance between photoelectric and solar wind currents over the 
total surface. The solar wind data given a r e  typical values taken 
from a review by Coleman. 4 The mass  and diameter ranges for 
microbes and microbe ca r r ie r s  a r e  broad enough to include all  
potential hazards. The maximum excess charge given i s  based 
on the assumption of a maximum particle surface potential of 
10 volts (negative). : 
2. 2. 3. 3. 2 Two-Dimensional Trajectory Analysis-- The 
potential energy equations given above and the forces derived from 
them were incorporated into computer programs for calculating 
4 Coleman, P. J. , Space Research 6,  National Academy of Sciences, 
Washington, D. C., publication 1403 (1965), pp. 129-39. 
:::We assume that some mechanism exists whereby particles may 
acquire negative charges. It i s  not clear that this i s  so, since 
all particles exposed to the solar ultraviolet radiation will, after 
a short time, become positively charged. 
TABLE % 1 
Spacec ra f t  : 
Shape : S p h e r i c a l  
Skin Mater ia l :  M e t a l  
D i a m e t e r  : 1 t o  10  meters  
Mass: 100 t o  10,000 kg. 
Su r face  P o t e n t i a l :  0  t o  10 v o l t s  p o s i t i v e  
S o l a r  Wind: 
Densi ty  : 3 1 proton/cm , 1 electron/cm 3  
Veloc i ty :  500 km/sec (Protons  Un id i r ec t iona l ,  Elec- 
t r o n s  Omnidirect ional)  
Debye Length: - 8 meters  
Magnetic F i e l d :  5  l o m 5  gauss. 
Microbes and Microbe C a r r i e r s  (Bac te r i a ,  Po l len ,  Dust, E tc  . ) : 
M a s s :  kg to kg 
Diameter : 
Densi ty:  1 g/cm3 
9 Maximum Excess Charge (Number of E lec t rons )  : 3 x  10 x 
Diameter (me te r s ) .  
potential energy contours and particle t ra jector ies  for  par t icular  
choices of the spacecraf t  and part ic le  parameters .  A number of 
typical cases  have been computed f rom which significant partial  
r e su l t s  have been obtained. 
F igure  24 shows p ~ t e n t i a l  energy contours for a microbial  particle 
of 1 g radius and 4 x 10- l5  kg m a s s  in the vicinity of a spherical 
spacecraf t  of 1 me te r  radius and 200 kg mass .  The spacecraft  
surface potential i s  taken to be 10 volts and the part ic le  i s  assumed 
to c a r r y  a negative charge of 100 electrons. Solar wind and radiation 
a r e  incident f rom the direction of 8 = 0'. The force on the part ic le  
a t  any point ac t s  in the direction normal  to the energy contour. At 
l a r g e  distances f rom the spacecraft ,  the force i s  due a lmost  entirely 
to so lar  radiation; a t  close range in the reg io l  of near ly  c i rcu lar  
contours, the force  is pr imar i ly  the Coulomb attraction between the 
part ic le  and the spacecraft. 
This type of energy contour plot can be used to evaluate the thres-  
hold escape energy a t  various points on the spacecraft  surface. 
F o r  example, in Figure 24, the particle potential energy a t  the 
vehicle surface var ies  f rom about - 1. 2 to - 1.4  x 10- l6  joules. 
To escape, a part ic le  must  follow a trajectory which takes i t  into 
a region where the radiation force  is strong enough to acce lera te  
i t  away f rom the spacecraft. This happens in the case  of a part ic le  
which passes  near  the point A moving away f rom the spacecraf t  
and away f rom the shadow. Point A has the minimum potential 
energy value of a l l  points where the net radial  force is zero. To 
reach  A by a path lying entirely outside the spacecraft  shadow, a 
particle must  have a total energy of a t  leas t  -0. 8 x 10-16 joules 
( a s  measured  by potential energy contours in the illuminated region). 
A particle with just this energy o r  only a l i t t le  m o r e  will not escape, 
since i t  will fall  into the shadow where the radiation force  is absent 
and be drawn back to the spacecraft. On the other hand, to reach  A 
f rom within the shadow, a par t ic le  must  have a total energy of a leas t  
-0. 35 x 10- l6  joules in t e r m s  of energy contours within the shadow. 
Such a part ic le  will definitely escape. These energies a r e  minimum 
threshold escape energies for  p a r t i c l e  emerging f rom the illuminated 
o r  shaded portions of the spacecraft ,  respectively. In general,  the 
escape thresholds may  be somewhat higher (more  positive) for  par - 
t ic les  leaving the spacecraft  surface in a rb i t r a ry  directions. The 

threshold e.scape kinetic energy a t  the surface is  the difference 
between the total escape energy and the surface potential energy. 
For particles with the particular choice of parameters given in 
Figure 24, the respective minimum kinetic energy escape thres- 
holds a r e  0.4 x 1 0 ~ ~ 6  joules ( = (1. 2 - 0.8) x 10-16 j) and 
1. 05 x 10-l6 joules (1.4 - 0. 35). 
Figures 25 through 28 illustrate this situation. A sequence of 
trajectories with increasing initial kinetic energy a r e  shown 
(case A through D). In each case, the particle i s  ejected normal 
to the spacecraft surface a t  900 relative to the sun. The escape 
threshold occurs a t  an energy intermediate between cases C and. D; 
i. e. , about 1. 15 x 10-16 joules, or about three times the estimated 
minimum threshold. For a particle with a mass  of 4 x 10-I kg, 
this energy corresponds to a velocity of 0. 8 ft/sec. 
A general estimate of the maximum escape velocity for particles 
of arbi t rary  size i s  obtained by noting that the escape kinetic 
energy is generally about equal to the electrostatic potential energy 
a t  the surface. The surface electrostrostatic pofential energy i s  
given by 
where a i s  the particle radius, V i s  the particle surface potential, P 
and Vs i s  the spacecraft surface potential. The velocity of a 
particle of mass  m and kinetic energy - U i s  
3 3 Assuming a particle density of 10 kg/m , a maximum spacecraft 
p~ t en t i a l  of 7 volts and a maximum negative particle potential of 
- 10 volts, we find that the approximate upper limit of threshold 
escape velocities i s  
FIGURE 25 (Case A )  Trajectory of a particle ejected from space- 
craft  surface at 8 = 90' ~ t h  an initial Mmetic energy 
- 
of 1. 02 x 10-I joules. The I micron  radius particle 
ca r r i e s  a negative charge of 100 electrons.  For  o ther  
p r a m e t e r s ,  s ee  text. 
- -  - 
FIGURE 26 (Case B) T r a j e c t o ~ y  of a particle ejected from space- 
craf t  surface with an initial energy of 1. 05 x 10-16 
joules. 
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FIGURE 27 (Case G )  Trajectory of a p r t i c l e  ejected from space- 
craf t  with an init ial  energy of 1. 10 x 10-16 joules. 
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FIGURE 28 (Case  D)  Tra jec tory  of a p r t i c l e  ejected from space-  
A 
craf t  sur face  with an ini t ia l  energy of I. 20 x 
joules. 
where a i s  in meters,  and V in m/sec.  For  a single microbe with 
a = 5 x 10-7 m, V ~ s c a p e - m a x  is  about 2. 7 m/sec .  
2 .  2. 3. 3. 3 Critical Time Periods -- There i s  no precise 
boundary which determines when a particle has escaped. While the 
concept of the direction of the radial component of force is useful 
to the above discussion, it  has no relationship to the region of space 
where a microbe constitutes a recontamination hazard. 
A possibility of recontamination remains a s  long a s  a contaminated 
particle can be overtaken by a deployed lander, i. e. until the 
escaping particle has reached a velocity of the lander module. If 
we arbitrari ly take the latter velocity to be 0. 3 m/sec  (1 ftlsec),  
we find, fo r  the case of Figure 28, a critical time of 145 seconds 
during which the particle travels to a range of 19. 5 meters. In 
the cases where the particle does not escape, the excursion times 
range from 4 3  seconds to nearly three minutes. Considering that 
these trajectories all l ie  in a plane of special orientation, these 
times can only be thought of a s  typical values. 
Changing the spacecraft and particle parameters has certain effects 
on the times found in the above case. For example, larger, heavier 
particles move more  slowly and experience greater radiation force 
in relation to the spacecraft attractive forces than small particles. 
Heavier particles tend to escape the spacecraft, while small, highly 
charged particles may remain trapped. Particles of either category 
present recontamination hazards for certain durations of time. Es- 
timated critical times a s  functions of particle size and charge a r e  
shown in Figure 29. This figure is  based on the considerations given 
below: 
In the case of large particles ( a 5  100 microns), good approximate 
results a r e  obtained by neglecting all  forces except the solar radiation 
force. On the other hand, small, highly charged particles held within 
near range of the spacecraft a r e  influenced predominently by the 
electrostatic interaction. 
FIGURE 29 
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Thus for large particles, the primary recontamination hazard 
a r i ses  from the particles' slowness to disperse. An esti-mate 
of the critical time is  the time required for the velocity attained 
from solar acceleration alone to equal the lander deployment 
velocity. This time is  
where Vo i s  the lander velocity, C RAD i s  the solar force constant, 
a i s  the contaminated particle radius, and P i s  the particle density. 
The tc given above i s  twice the delay time of lander release suffi- 
cient to preclude overtaking the escaping particle. For an 0. 5 p 
- - 
radius particle, the necessary delay time i s  2 2  seconds; for a 100 p 
particle, the estimated time i s  72 minutes, assuming the solar con- 
stant value near the earth. At the orbit of Mars, these times a r e  
about doubled. 
Particles ejected from the spacecraft surface which do not completely 
escape the local environment pose the greatest recontamination 
threat if they a r e  injected into nearby stable orbits. It i s  virtually 
impossible for a particle to become trapped in a perpetual orbit; 
however, a s  Figure 27 illustrates, a particle may circle the space- 
craft one, two or perhaps more times. In general, such trapped 
particles tend to follow short ballistic trajectories from one surface 
point to another. 
The excursion times for these trajectories i s  generally of the order 
of an  orbital period or less.  Thus, one orbital period i s  a characteristic 
time for the duration of the hazard presented by trapped particles. 
As in Figures 25 - 28, the particles with the longest excursion times 
a r e  those near the threshold of escape. The trajectories of these 
particles range out about to where the solar radiation force and the 
spacecraft attractive forces a r e  equal. An approximate relation for 
the maximum excursion time can be obtained by assuming that a 
particle can be held in orbit a t  a given distance R by the spacecraft's 
electrostatic attraction approximated by an inverse square law force.  
Such a force equals the magnitude of the solar radiation force  a t  
an  orbital  radius 
The period of this orbit  is 
where p is the density of the particle,  and the other variables 
a r e  a s  defined above. The t ime T obtained h e r e  is a n  overest imate 
of the maximum period of a part ic le  of charge q, and so  is a con- 
servat ive estimate of the duration of recontamination hazard. 
If r < R, the solar  radiation force  is everywhere stronger than 
the spacecraf t  attraction, and will most  probably acce lera te  the 
par t ic le  away. Putting r = R, we find 
C 
RAD 
a L  R 
q = 
v~ 
2 
which is approximately the minimum charge which can hold a 
par t ic le  of radius a near the spacecraft. This serves  to roughly 
define a boundary between trapped and untrapped particles.  
2. 2. 4. Conclusions 
Until i t s  deployment f rom the transporting spacecraft ,  the lander 
capsule i s  contained in a steril ization canister,  which se rves  a s  a 
b io-bar r ie r  throughout the post-sterilization storage, launch, and 
interplanetary t ransi t  mission phases. It has  been shown that 
there i s  little likelihood of recontamination during the pre-deployment 
phases i f  the bio-barrier i s  adequately designed and functions a s  
planned. 
On the other hand, i t  has been shown that large numbers of microbes 
a r e  likely to survive the environmental profiles of launch and space 
flight and present recontamination hazards during the lander deploy- 
ment phase. The particles giving r i se  to these hazards fall primarily 
into three categories: 
@ Particles located in line of sight of the unreleased lander 
a t  the moment of canister lid separation; 
@ Large particles ejected directly toward the lander de- 
ployment corridor by any deployment maneuver; and 
@ Small particles pulled into collision course with the 
lander by attraction to the spacecraft. 
Particles of the f i rs t  category can presumably be avoided by careful 
canister separation, joint design and proper location of the canister 
aperture and respect to spacecraft protrusions, e. g. solar panels. 
The presence of some particles in each of the remaining categories 
seems more or l ess  inevitable. 
The duration of the recontamination hazard i s  a function primarily 
of the intensity of solar radiation, the maximum size of contaminated 
particle present in significant numbers, and the magnitudes of 
electric potentials on the spacecraft and on small particles. For 
a typical case, estimates of the duration of the critical period 
after an ejection of particles is shown in Figure 29. 
It i s  evident that the probability of recontamination i s  small during 
a carefully executed planetary landing mission. To begin to 
estimate exactly how small the probability is ,  it i s  necessary to 
consider in further detail specific circumstances of spacecraft 
and lander size and shape, environmental conditions, direction 
and speed of lander release, distribution of contaminated particle 
sizes and velocities ejected, etc. 
Countermeasures proposed against the threats posed by these 
particles are: (1) an adequate delay of the release of the lander 
after canister lid separation and spscecraft positioning maneuvers, 
and (2 )  application of a slight negative potential to the lander portion 
of the spacecraft. The effectiveness of these countermeasures 
under specific hypothetical circumstances needs further investigation. 
2 . 3  E F F E C T S  TESTS 
light of the  analyt ica l  study r e p o r t e d  in the previous chap te r ,  the 
s i rabi l i ty  of supporting exper iments  in s e v e r a l  a r e a s  become apparen t .  
pa r t i cu la r ,  it would be useful  to  have data  regarding:  
e acce le ra t ion  levels  r equ i r ed  t o  r e l e a s e  mic robes  
e behavior of m ic robes  when colliding with su r f ace s  
e amount of charge  read i ly  picked up by mic robes .  
Effects  t e s t s  w e r e  designed to  contribute in th i s  a r e a .  The  f i r s t  of t he se  
w a s  a v ibra t ional  t e s t  which gave a m e a s u r e  of the  e a s e  with which o r g a n i s m s  
w e r e  r e l e a s e d  f r o m  a sur face .  A second group of exper iments  w e r e  con- 
ducted t o  m e a s u r e  some  e l ec t r i c a l  p roper t i es  of d r i ed  s p o r e s .  
2.  3 .  1 Vibration T e s t s  
If one applies Newton's second law to  a par t ic le  adher ing to  a 
vibrating subs t r a t e  and  d i s cove r s  at what level  of acce le ra t ion  the  
par t ic le  i s  just  r e l e a sed ,  then the  binding fo r ce  between the  par t ic le  
a n d  subs t r a t e  can  be obtained. S imi la r ly  , at some  l a r g e r  acce le ra t ion ,  
the  f o r c e  can be calcula ted if t he  r e l e a s e  velocity is a l so  known. 
In F igu re  30, the conceptual  design fo r  the cohesive f o r c e  measu r ing  
t e s t  i s  shown. A m e t a l  s t r i p ,  ca r ry ing  the t e s t  o rgan i sms ,  i s  
dr iven by a t r an sduce r .  Those  bac te r ia  which a r e  r e l e a s e d  a r e  col lec ted 
on Mil l ipore  f i l t e r s  in P e t r i  d i shes ;  the  f i l t e r s  a r e  then incubated on 
aga r  and resu l tan t  colony counts made .  An a l t e rna t ive  collect ion 
device,  using st icky tape ,  was  developed a s  par t  of the  t a s k  on wi tness  
techniques . 
Vibrations t e s t s  w e r e  made  using two types  of t r a n s d u c e r s .  F o r  low 
G loading ( l e s s  than 100 G) t e s t ,  a th readed  s tud w a s  cemented  to  t h e  
cen te r  of a four-inch "acoust ic  suspens ionf1  loud speaker .  A blind 
tapped hole in the  r e a r  of the a luminum disk c a r r i e r  made  a t tachment  
of the o rgan i sm  subs t r a t e  to the  t r an sduce r  a s imple  m a t t e r .  An 
ul t rasonic  t r an sduce r ,  opera t ing a t  about 38 KHz, developed much  
h igher  G loading of about 7000G. Again, an  aluminum block ca r ry ing  
the  s p o r e s  w a s  a t tached t o  th i s  d r i v e r .  
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FIGURE 30 
COHES IVE FORCE - V l  BRATlONAL MEASUREMENT 
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The  motion of the c a r r i e r  was  observed  optical ly.  The technique 
i s  shown in F i g u r e  31. A para l l e l  pencil of light f r om a s m a l l  
helium-neon l a s e r  i s  r e f l ec ted  f r o m  the  face  of the  vibrating 
c a r r i e r  disk a t  a n  oblique angle.  An a p e r t u r e  plate i s  ad jus ted  so  
that  only a portion of the  re f l ec ted  beam r e a c h e s  the  photo de tec to r .  
In position A ( F i g u r e  31) about 9070 of the  beam i s  t r ansmi t t ed .  A s  
the  disk moves  to position B ,  the  f rac t ion  d e c r e a s e s  until  say  2070 
of the  incident beam r e a c h e s  the  de tec to r .  Thus ,  the  motion of the  
disk modulates  the  detector  output which can be displayed on a n  
osci l loscope.  Both the  f requency and the  ampl i tude (a f te r  ca l ibra t ion)  
of the  motion can be de te rmined  f r o m  the  osci l loscope t r a c e .  In 
o r d e r  to  ca l ib ra te  the  ampli tude of vibrat ion,  the  t r an sduce r  a s s em b ly  
w a s  mounted on a m i c r o m e t e r  s tage .  With the  oscil loscope operat ing 
in the  DC mode,  t he  scope t r a c e  deflect ion corresponding to a t r a n s -  
lation of s ay  0 .001 inch w a s  measu red .  By performing the cal ibra t ion 
in the  ac tua l  t e s t  geomet ry ,  and  using deflect ions of the  s a m e  o r d e r  as 
in  the  t e s t s ,  non- l inear i t ies  such as inhomogeneit ies in the incident 
beam w e r e  el iminated.  
T e s t s  w e r e  made  with the  loud speaker  operat ing a t  var ious  f requenc ies  
and  ampl i tudes  and  with the  u l t rason ic  t r an sduce r  operating fo r  va r ious  
durat ions .  All  t e s t s  w e r e  conducted in a vacuum of about t o r r .  
Two techniques  of innoculation of the m e t a l  c a r r i e r  w e r e  used.  In the 
e a r l y  t e s t s ,  the  s p o r e s  w e r e  placed on the  c a r r i e r  in a wa te r  suspen-  
sion and  al lowed to  d ry .  A s  wi l l  be shown in the  data,  s p o r e s  appl ied  
in t h i s  way w e r e  ex t remely  tenacious .  The  second technique t o  be 
developed was  to  f o r m  a n  a e r o s o l  of s p o r e s  in an  inoculation chamber  
and  allow them to  se t t l e  out onto the  c a r r i e r  disk.  Even t h e r e ,  
o r g a n i s m s  w e r e  not completely removed  by the  l a rges t  acce le ra t ion  used.  
If we a s s u m e  that the  B. globigii s p o r e s  a r e  e jec ted  horizontal ly f r o m  
the  vibrat ion head  and  f a l l  with an  acce le ra t ion  of 1 G (980 c m / s e c 2 ) ,  
the hor izon ta l  d is tance  s t r ave l ed  by a spo re  i s  given by 
whe re  h i s  the  ve r t i c a l  d is tance  f r o m  the  sou rce  ( cen t e r  of the  c a r r i e r )  
t o  the  collection plate and v i s  the in i t ia l  hor izonta l  velocity. 
F o r  a given m e a s u r e d  value of s and h ,  th i s  equation may  be solved 
t o  obtain the  velocity, V. 
FIGURE 31 
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Consider ing that  the assumption of hor izonta l  eject ion i s  only 
approximately  valid, and the l a rge  width of the  vibra tor  compared  
to  the  ave r age  height h ,  i t  i s  evident that the exper imenta l  data  can 
give only rough indications of velocity, 
T h e  r e s u l t s  of s e v e r a l  t e s t s  using both t r a n s d u c e r s  a r e  s u m m a r i z e d  
in the following Table  12. 
The  approx imate  number s  of s p o r e s  with veloci t ies  g r e a t e r  o r  l e s s  
than 1 f t .  / s e c  i s  r epor ted .  Th i s  i s  of in te res t  s ince  it w a s  shown 
in Section 2. 2 that  a typically high escape  velocity for  single s p o r e s  
bound to  the  spacecra f t  by e l ec t r i c a l  a t t r ac t ion  is -- 2 f t / s e c .  Theory  
indicates  that  acce le ra t ion  r e l e a s e  th resho lds  d e c r e a s e  a s  par t ic le  
s i z e  i n c r e a s e s .  The  r e s u l t s  shown h e r e  a r e  consis tent  with the  con- 
clusion that  the  l a rge s t  spo re  c lumps and  perhaps  a few individuals 
a r e  r e l e a s e d  by acce le ra t ions  as low as 30 G o r  l e s s ,  while the  
t h r e sho ld  fo r  r e l e a s e  of l a r g e  number s  of single m ic robes  l i e s  
somewhere  between 50 and 7000 G. 
Runs 6a, 6b, and  6c consti tute a h i s togram of the  o rgan i sms  r e l e a s e d  
f rom a single c a r r i e r  during a long duration t e s t .  The  o rgan i sms  
detected a f t e r  the f i r s t  ten  seconds  a r e  r epo r t ed  a s  Run 6a, the  next 
vibrat ion of 5 minutes  i s  r e p o r t e d  as Run 6b, and  yet another 5 minutes  
g ives  t he  r e s u l t s  of 6c. T h e  number  of o r g a n i s m s  t e s t ed  a s  detected 
fo r  Run 6a i s  not the  r e su l t  of a d i rec t  plate count. The  number  of 
o r g a n i s m s  or ig inal ly  on t he  c a r r i e r  w a s  de te rmined  by counting (by  
the  u sua l  dilution technique) the  number  of t h r e e  control  d i sks  which 
had  been innoculated in the  a e r o s o l  chamber  a t  the  s a m e  t i m e  a s  t he  
6 t e s t  d isk .  The  o r ig ina l  innoculum was  de te rmined  to  be 6 . 5  x 10 . 
Following the  t h r e e  vibra t ional  t e s t s  made  with th i s  disk (Runs  6a, 6b, 
and  6c),  the  number  of s p o r e s  remaining was  de te rmined  by the  s a m e  
6 technique (u l t rason ic  wash  and  dilution). 'Because 1 . 4  x 10 spo re s  
w e r e  found s t i l l  on the  disk a f t e r  vibrat ion,  it w a s  deduced a t  5 x 10 6 
w e r e  r e l e a sed .  The  counts f r o m  Runs 6b and 6c sum to  only about 
1300; t he  vas t  major i ty  w e r e  r e l e a s e d  in Run 6a. On the  ba s i s  of 
apparen t  colony density in plates which w e r e  "too numerous  t o  count, " 
i t  i s  e s t ima t ed  that  about 3 x l o 6  spo re s  had veloci t ies  l e s s  than l f t / s e c  
and  2 x l o 6  w e r e  f a s t e r .  
2.  3. 2 E l e c t r i c a l  P r o p e r t i e s  
A s e r i e s  of quali tat ive observat ions  w e r e  made  in a n  a t t empt  to  
de te rmine  how charged,  d ry  s p o r e s  would behave on impact  with the  
skin of a spacecra f t .  A f ami l i a r  exper iment  f r o m  high school  o r  
f r e s h m a n  physics w a s  used  t o  t e s t  the conductivity of the  t e s t  o rgan i sm.  
TABLE i 2  
VIBRATION TEST DATA S Y 
Run Freq. Acce le ra t ion  Durat ion Innoculated Number Detected 
< 1 f t / s e c  > 1 f t / s e c  
1 0.6kc 3 4G - Dry 26 - 6000 
3 1. Okc 46G - Dry 1 6  - 3000 
4 1. Okc 5 1 G  Dry 22 - 1000 - 
5 3 8kc 7000G W e t  0 0 - 
6a 3 8kc 7000G 10 s e c  - 3  x l o 6  - 2  x 10 6 Dry 
6b 3 8kc 7000G 5 min Dry - 500 800 
6c 3 8kc 7000G 5 min Dry 5 13  
Consider  two uncharged pith balls  each hanging by a f ine th read .  
If we place s o m e  charge  on each of them f r  ,m a g l a s s  r o d  rubbed 
with s i lk ,  then t h e r e  wil l  be a repu ls ive  fo r ce  between them.  Now, 
if we place t he  charge  on only one of the  bal ls ,  the  second w i l l  be 
a t t r a c t ed  to i t  because  of an  induced charge  of opposite sign.  
Because  they a r e  non-conducting, t h e r e  wi l l  be no charge  t r a n s f e r  
a t  contact and  the bal ls  wi l l  cling together .  On the  o ther  hand, if 
they w e r e  conducting, s o m e  of t he  e x c e s s  charge  on the  f i r s t  would 
be t r a n s f e r r e d  to  the  second and t h e r e  w ~ u l d  be repuls ion.  
F o r  our exper iments ,  a single pith bal l  w a s  suspended n e a r  the  dome 
of a s m a l l  van de r  Graff  genera to r  with the  genera to r  not energized.  
A photograph w a s  taken of t h i s  neu t r a l  position. The  van der  Graff  
w a s  then s t a r t e d  and  the  motion of the  pith ball  w a s  observed .  
Additional exposures  w e r e  made  on the  s a m e  plate to  r e c o r d  typ ica l  
positions of the  pith ball.  (See  F igu re32 ) .  
The  pith bal ls  used  in the  t e s t s  w e r e  approximately  318 inch in 
d i ame te r .  Seve ra l  bal ls  w e r e  p r epa red  in four different  ways  s o  
that the  va r ious  behavior could be compared .  
a. P l a in  pith ball,  a s  purchased 
b. P l a in  pith ball ,  d r i e d  ove r  KOH 
c. Aluminum-painted ball,  d r i ed  over  KOH 
d. P i t h  bal l  painted with s l u r r y  of B. globigii and  d r i ed  over  KOH. 
-
With nei ther  the  pith bal l  nor  the van de r  Graff  sphe re  charged,  a l l  
four types  of bal ls  hung s t ra igh t  down on t he i r  t h r e a d s  as would be 
expected. After  s t a r t ing  the  van de r  Graff ,  the  pith ba l l s  w e r e  a t t r a c t ed  
to  the sphe re ,  r e s t e d  agains t  the s p h e r e  fo r  a t i m e  t ,  and  then w e r e  
r e  pelled through the neu t r a l  position to  s o m e  new position r ep re sen t ed  
by a deflect ion df. T h e  quanti t ies t  and  df va r ied  depending on the  
preparat ion of the  pith ball.  In the  table below, t he se  quali tat ive 
observat ions  a r e  summar i zed .  Approximate  numer i ca l  values  fo r  the  
deflect ions a r e  given. No significance should be given to  t he i r  absolute  
values;  the  re la t ive  deflection i s  t he  important  f ea tu re .  
Sur face  P repa ra t i on  - t  9 
None -- 1 s e c  s m a l l  ( -- 1 inch) 
Dry,  P l a in  bal l  > I  s e c  medium ( -- 5 inches)  
Dry,  Aluminum painted << 1 s e c  very  l a rge  ( - 15 inches)  
Dry ,  B .  g.  coated > 1 s e c  medium ( - 5 inches)  
FIGURE 3 2  P I T H  B A L L  EXPERIMENT ILLUSTRATING 
3 POSITIONS O F  BALL.  
T h e  obvious conclusion to  be drawn i s  that  the  pith ball  coated with 
t he  o rgan i sm  and  then d r i ed  behaved s im i l a r l y  to the  uncoated d r y  
and  non-conducting pith ball. 
I t  m a y  be s a id  that  the  r e a son  a n  uncharged pith ball  i s  a t t r a c t ed  to 
t he  van de r  Graf f  s p h e r e  i s  t ha t  over  the dimensions  of the  pith ball ,  
the  e l e c t r i c  f ie ld  v a r i e s  and  the induced cha rge  i s  non-uniform. In 
t he  c a s e  of a single o r  s m a l l  c lump of o r g a n i s m s  with dimensions  of 
a few m i c r o n s ,  the f ie ld  f r o m  a charged  spacecra f t  o r  f r o m  the  van 
d e r  Graff  sphe re  wi l l  be essent ia l ly  uniform,  and  the  si tuation wi l l  
be  different .  F o r  th i s  r e a son ,  a second s e r i e s  of t e s t s  w e r e  made  with 
t he  van der  Graf f  gene ra to r .  Because  of the  contamination problem,  
powdered t a l c  was  u sed  in  place of d r i ed  s p o r e s .  With the  van de r  
Graff  operating a "snow s t o r m "  of t a l c  w a s  al lowed t o  f a l l  in t h e  
vicinity of the  sphere .  T h e  t r a c k s  of t he se  par t i c les  w e r e  photographed, 
one  such r e c o r d  being reproduced  as F i g u r e  33 .  One can s e e  t he  
powder being pulled t oward  the  sphe re  and  a s m a l l  f rac t ion being 
e jec ted  f r o m  the sphe re  a f t e r  contact.  Most  of the  powder r e m a i n e d  
on the  su r f ace  of the sphe re .  
On t h e  b a s i s  of the  foregoing evidence,  we conclude that  d ry  B. globigii 
s p o r e s  can be t r e a t e d  as non-conducting sphe re s .  They  wil l  genera l ly  
not  rebound f r o m  a smooth su r f ace  to  which they a r e  a t t r a c t ed  by 
mode ra t e  e lec t ros ta t i c  f o r ce s .  
2 . 4  WITNESS TECHNIQUES 
Evaluation of s ter i l iza t ion can i s te r  f e a tu r e s  that  can induce recontaminat ion 
o r  a r e  intended to reduce  t h e  possibility of recontaminat ion m u s t  be c a r r i e d  
out utilizing techniques  fo r  wi tness ing the  d i spers ion  of o rgan i sm f r o m  the  
uns te r i l e  ou te r  su r f ace s  of the  flight spacecra f t .  The  r e l e a s e  of o r g a n i s m s  
f r o m  the se  su r f ace s  may  be caused  by r e l e a s e  of e l a s t i c  energy  s t o r e d  in 
mechan ica l  c lamp separa t ion  joints ,  s t r e s s  wave propagation through a 
s t r uc tu r e  caused  by detonation of explosive devices  such as separa t ion  joints;  
o r  m a y  r e su l t  f r o m  iner t i a l ,  shock o r  v ibra t ional  ene rg i e s  induced by 
functioning devices  such a s  rocke t  mo to r s .  Also,  the  plume washing of 
su r f ace  f r o m  rocke t  motor  exhausts  m a y  be a m e a n s  of r e l e a s e .  Deta i ls  
of the  expe r imen t s  including the  design of a wi tness ing device wi l l  be  found. 
It wi l l  be pointed out that  in spi te  of exper imenta l  malfunctions,  the t e s t s  
showed the  usefulness  of th i s  type of wi tness  device and  the  validity of the  
t r a c e r  o rgan i sm  technique. The work  p resen ted  in th i s  sect ion i s  u sed  as a 
ba s i s  a n d  just if icat ion for s t a t emen t s  in the  following chapter ,  "Steri l izat ion 
Cer t i f ica t ion Plan",  par t icular ly  with r e f e r ence  to  fu tu re  ground t e s t s  of 
speci f ic  lid separa t ion  sy s t ems .  
FIGURE 33 ELECTRICAL PROPERTIES O F  PARTICLES 
AS OBSERVED WITH VAN DER G R A F F  
GENERATOR AND TALCUM POWDER. 
Thi s  sect ion of t he  r epo r t  p resen t s  the approach adopted and  the  work 
accomplished in evaluating wi tness  techniques applicable for  use  in tes t ing 
the  recontaminat ion inducing quali t ies of typical  s ter i l iza t ion can i s t e r s .  
The  n e c e s s a r y  decis ions  t o  be accomplished in preparat ion fo r  d i spers ion  
t e s t  m e a s u r e m e n t s  w e r e  the  following: 
e The  portion of the  can i s te r  su r f ace  f r o m  which o rgan i sms  would 
mos t  logically be d i spe r s ed  and  the  functioning i t em that  w2uld 
be the sou rce  of o rgan i sm  r e l e a s e  energy.  
T h e  r ange  in r e l e a s e  velocit ies that  would be of i n t e r e s t  a n d  
hence t h e  functioning t ime  r equ i r emen t s  to  be placed upon t he  
d i spers ion  measur ing  device. 
e The  spec i f i c  t e s t  se tup  and  methods  that  would be employed in 
the  wi tness  technique t e s t s .  
2.4.  1 Separat ion Joint  Development 
The  decision on the flight vehicle location and  energy  producing 
device t o  be studied w a s  obviated by the speci f ics  of the  contract .  
The  can i s te r  separa t ion  joint w a s  specif ied as the  energy sou rce  
mos t  likely to  induce r e l e a s e  of o rgan i sms  during function. The  
contract  t a s k  w a s  then to define the deta i ls  of a typ ica l  separa t ion 
joint to  be used  in the  wi tness  technique t e s t s .  
In the p r io r  contract  f o r  development of a typical  s ter i l iza t ion 
can i s te r ,  a c i rcumferen t ia l  V- band c lamp r e l e a s e d  by actuation 
of hoop tens ion type-bolts  had been developed. A competing design 
approach utilizing a n  explosive f i l led  e l a s tomer i c  tube to s e v e r  the  
c i rcumferen t ia l  can i s te r  s t r u c t u r a l  type w a s  compared  with the  
mechan ica l  V-band c lamp.  
F i g u r e s  34 through 38 present  the c3ncepts of the  explosive f i l led 
e l a s tomer i c  tube type joints that  w e r e  considered.  
The  concept shown in  F igu re  38 with modification as shown in 
F i g u r e  39 w a s  adopted as the design bes t  fulfilling the  wi tness  t e s t  
r equ i r emen t s .  The  V-band c lamp afiproach w a s  r e j e c t e d  because  
the  wi tness  t e s t s  w e r e  to  be per fo rmed  using flat t e s t  s amp le s  as 
shown in F i g u r e  39. F l a t  t e s t  s amp le s  of V-band c lamp des igns  
a r e  possible to  design and  const ruct ,  but the precis ion r e q u i r e d  in 
the  manufacture  and  the  complexity r equ i r ed  in t e s t  f ix tu res  t o  pro- 
vide simulation of hoop tens ion r e s t r a i n t s  upon which t h e  V-band 
c lamp r e l i e s  was  cons idered  to  be outside the  purpose of the contract .  
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Use  of ful l  c i r cu l a r  r i ngs  embodying the V-band c lamp ( such  a s  the  
can i s t e r  s t r uc tu r e  developed in the previous p rog ram)  was  s im i l a r l y  
cons idered  beyond the  contract  purpose due to  the  substantial ly 
l a r g e r  and  m o r e  expensive t e s t  se tup than provided by f lat  s amp le s  
and  the  necess i ty  to  wi tness  d i spers ion  of o r g a n i s m s  f rom the  
separa t ion  joint at one local ized position a s  wi l l  be explained in a 
subsequent subsection.  
The  flat sample  t e s t  spec imen  shown in F igu re  39 is represen ta t ive  
of the  c r o s s  section of separa t ion  joints that would be adaptable t o  
flight vehicle s t e r i l i za t ion  can i s t e r s .  In a flight vehicle applicat ion,  
t he  through bolts at taching t he  explosive cha rge  holder  as seen  in 
the  f igure  would not penetra te  the  can i s te r  shel l .  ( T h e  heavy plate 
sect ions  at t he  e x t r e m e s  of the  t e s t  s amp le  provide fo r  clamping 
the  sample  in the  t e s t  f ix ture . )  The  explosive f i l led  e l a s tomer i c  tube 
that s e v e r s  the  can i s te r  she l l  at the  s t r e s s  r i s e r  groove i s  " r ip-cord"  
manufactured by the  Ensign-Bickford Company of S imsbury ,  
Connecticut.  T h e  e l a s tomer i c  tube i s  1 /2  inch d iamete r .  T h e  
explosive c o r e  i s  lead jacketed MDF (Mild  Detonating Fuse )  with a n  
RDX explosive co re .  
A t e s t  p rogram w a s  c a r r i e d  out to es tab l i sh  the  depth of s t r e s s -  
r i s e r  g roove  r equ i r ed  t o  s eve r  the  t e s t  sample  with an  explosive 
c o r e  load of 10 g ra ins / foo t  of RDX explosive.  F i g u r e  40 (Ba l l i s t i c s  
Pendulum t e s t  setup) shows the  t e s t  se tup u sed  fo r  t h i s  s e r i e s  of 
t e s t s .  
The  t e s t  f ix ture  consis ted  of two bal l i s t ic  pendulums, one c lamped 
t o  each th ick plate end of a t e s t  sample .  Each  pendulum h a s  two 
hot t ip  t r ac ing  pens that  r e c o r d  pendulum deflection on hea t  sensi t ive  
paper.  F r o m  the  deflection t r a c k  the  separa t ion  impulse  can be 
calculated.  
F i g u r e  41 shows a separa t ion  joint development sample  a f te r  t e s t .  
T h e  s t r e s s  r i s e r  groove depth on th i s  s amp le  w a s  0.040 inch a n d  
the  impulse  w a s  0. 1 # - s ec / i nch  of joint length. 
T h e  plast ic deformat ion shown in the  t e s t  sample  is typical  of f l a t  
sample  joints  t e s t ed  in t h i s  p rogram and  i s  a l s o  typical  of f lat  s a m p l e s  
r ep r e sen t a t i ve  of o ther  c i rcumferen t ia l  separa t ion  s y s t e m s  developed 
by Avco. Application of t he  developed c r o s s  sect ion t o  the  c i r cum-  
f e r en t i a l  joint of a typical  can i s te r  would r e s u l t  in substantial ly l e s s  
equivalent r a d i a l  plast ici ty due to the r e s t r a i n t  provided by hoop 
tension.  However,  substantial ly m o r e  longitudinal distort ion should 
be anticipated in applicat ion of t h i s  type of separa t ion  joint to a typ ica l  
FIGURE 40 BALLISTIC PENDULUM TEST SET-UP 
FIGURE 41 SEPARATION JOINT FOLLOWING TEST 
canister .  In order  to minimize longitudinal distortion and maximize 
separation velocity, gussets  with circumferential  pitch determined 
from full  c i rcular  t e s t s  should be provided. 
2 . 4 . 2  Dispersion Device 
To simulate the situation which threatens recontamination during a 
deployment maneuver,  it i s  necessary to achieve in the laboratory 
particle accelerations of direction and magnitude comparable to  
those anticipated in the space environment. This  i s  precluded by 
the acceleration experienced by particles in the ear th ' s  gravitational 
field. In a good vacuum this acceleration impar ts  in a fraction of 
a second velocities which dwarf the velocities significant for a 
possible recontamination threat .  (The  t ransport  analysis determined 
that particles with initial velocities in excess  of 1 m l s e c .  would 
escape f rom the maximum anticipated force field of the space vehicle.) 
No attempt was anticipated to  simulate spacecraft  o r  radiation influences 
over any longer period of t ime. Thus in a ground based separation t e s t ,  
a l l  useful data i s  generated in a very short  t ime  interval  following 
initiation of the re lease .  This data can revea l  typically the angular 
dispersion and/or  velocity distribution of particles a s  they a r e  ejected 
from a spot on the spacecraft  surface by the separation explosion or 
other r e l ease  mode. 
Adequate detection of particles ejected with slow velocities requires  
proper placement of the detection devices and orientation of the 
tes t  a r t ic le  to the device, Initial velocities can only be inferred 
from the position and t ime  of a r r i v a l  a t  the detector or  witness device. 
It i s  essent ial  that t e s t s  be conducted in a good vacuum ( l o m 3  t o r r  
o r  better) to be able to  recover even this  information. 
Because of the above limitations on ground based separation tes t s ,  
emphasis was placed on development of monitoring devices capable 
of collecting particle dispersion data within short  t ime  intervals 
after an explosive joint separation. 
The physical basis for the witnessing technique i s  shown in F igure  42.  
The initial vertical  and horizontal components of velocity of a particle 
going f rom P1 to P 2  in a gravitational field a r e  Uv and Uh a s  given by 
the equations shown in the figure.  Sv and Sh a r e  the vertical  and 
horizontal separation between the points PI and P2. 
FIGURE 42 
PH,YSICA L BASIS FOR WITNESSING TECHNIQUE 
Let P be a point on a wi tness  device having t i m e  resolut ion,  i. e . ,  3 not on y t he  spa t i a l  coordinates  of P2 a r e  known but a l so  t he  t i m e  
of a r r i v a l  of the  o rgan i sm a t  P2. If now some  event,  such a s  the  
f i r ing  of a charge ,  c a u s e s  the  r e l e a s e  of organ i s m s  a t  P1 the  in i t ia l  
velocity at r e l e a s e  can be calcula ted f r o m  the  equations given.  In a 
fu l l  s c a l e  t e s t ,  wi tness  devices  might be placed as shown in F igu re s  
43 and  44. 
2 . 4 . 3  Witness Device T e s t s  
A s e r i e s  of t e s t s  w e r e  conducted with the  f la t  separa t ion joint and  
a d i spers ion  wi tness  device to  demons t ra te  the  applicabil i ty of the  
wi tness  concept and  to  obtain s o m e  da ta  fo r  development of the  
s te r i l i za t ion  cer t i f ica t ion procedure .  The  t e s t  se tup is shown in  
F i g u r e  45. A cubical  box, 18 inches  on a n  edge,  w a s  used  to  suppor t  
t he  separa t ion  joint and  the  wi tness  device.  The  sol id  s ides  of the  
box prevented accidenta l  contamination of the  in te r io r  following 
s ter i l iza t ion.  
T h e  d i spers ion  wi tness  device,  shown in cut-away, was  fas tened  
t o  the  box f r a m e  with rubbe r  shock mounts  adjacent  to  the  separa t ion  
joint. In the  device,  o r g a n i s m s  a r e  col lec ted on a f lat  plate, 5 x 6 
inches ,  which moved on ways  beneath a fixed s l i t  114 inch wide. An 
in i t ia l  velocity w a s  impa r t ed  t o  the  s l ide  plate by r e l e a s e  of a com-  
p r e s s e d  spr ing.  The  position of the  plate re la t ive  t o  the  slit w a s  
displayed on an osci l loscope by a s e r i e s  of spikes  each corresponding 
t o  the  passage of one of ten  a p e r t u r e s  in the plate between a light 
s o u r c e  and  a photo diode. The  velocity of the  plate could be calcula ted 
s ince  the  separa t ion  of t he  a p e r t u r e  w a s  known. At the  end  of t r a v e r s e  
the  s l ide  plate w a s  re ta ined  f rom rebound by a latch mechan ism.  To  
a s s u r e  synchronization between the  explosive detonation and  s l ide  
motion,  the  following f i r ing  sequence w a s  used.  When the  " F i r e n  
button w a s  p ressed ,  a solenoid was  energ ized  re leas ing  the  s l ide  
d r ive  spr ing .  The  f i r s t  pulse f r o m  the  ph3to diode due t o  the  s l ide  
enter ing the  light path t r i g g e r e d  the osci l loscope.  The  + GATE output 
f r o m  the  osci l loscope w a s  used,  with amplif icat ion,  to  f i r e  the  blasting 
cap  which in t u r n  t r i gge red  the  "rip-cord".  
T h e  p rocedure  followed in each t e s t  w a s  to  place the  box in a vacuum 
chamber ,  inoculate the  t e s t  a r e a ,  t ake  Rodac s amp le s  of the  in te r io r ,  
ins ta l l  the  explosive,  c lose  the  box, evacuate  the  vacuum chamber  
and  f i r e  the  t e s t .  
After  the  t e s t ,  the  vacuum chamber  w a s  slowly r e tu rned  to  ambient  
p r e s s u r e  a n d  the  box opened fo r  a c c e s s  to the  s ta t i c  wi tness  f i l t e r s  
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which w e r e  removed  and  placed on aga r  plates for  t r a n s p o r t  to  the 
biology labora to ry  and subsequent incubation. The ins ide  of the  
box w a s  again Rodaced; the  m y l a r  wi tness  su r face  over  the  s l ide  
mechan i sm  w a s  not d is turbed but r e t u rned  to the  l abora to ry  fo r  
r emova l  in a laminar  flow work s ta t ion.  
2 .  4 . 4  Biological  Considera t ions  
In selecting a collecting s u r f ace  o r  wi tness  technique fo r  the  
enumerat ion of spo re s  r e l e a s e d  f r o m  the separat ion joint s e v e r a l  
important  biological p a r a m e t e r s  had  to  be considered.  It w a s  
a s s u m e d  that  a removable  collecting sur face  would be a t t ached  t o  
the  top  of the  s l ide  a s s emb ly  and  that ,  during and  immedia te ly  
following the  joint separa t ion ,  a portion of the  bac te r ia l  a e r o s o l  
genera ted  by the  blas t  would be deposited on th i s  su r face .  The  
back wal l  of the  t e s t  chamber  d i rec t ly  opposite the  inoculated 
joint w a s  a l s o  cons idered  a c r i t i c a l  a r e a  to  collect data  on d i s tances  
t r ave l ed  by the  r e l e a s e d  spo re s .  Thus ,  a wi tness  technique had  to 
be  included f o r  th i s  a r e a .  Subsequent laboratory  examination of the  
va r ious  collecting su r f ace s  would locate positions of max imum 
fallout and  would thus  provide valuable informat ion as to  t he  velocit ies,  
d i s t ances  t r ave led ,  etc.  of the pa r t i c les .  
It w a s  genera l ly  a g r e e d  upon tha t  the collecting s u r f a c e s  should be 
f lexible f i lms ,  eas i ly  handled and  exhibiting no ha rmfu l  ef fects  on 
t he  bac t e r i a l  spo re s .  They a l s o  had to  r ema in  s table  under high 
vacuum conditions. The following c r i t e r i a  w e r e  influential in the  
f inal  se lect ion of Mil l ipore  f i l t e r s  and  my la r  f i lm a s  collecting 
sur faces :  
Optical  Cha rac t e r i s t i c s  - -  The  two methods  ut i l ized in 
l abora to ry  examination of the su r f ace  w e r e  d i r ec t  m i c r o -  
scopic  examination for  s p o r e s  and  plating the  su r f ace  in 
nutr ient  aga r  and observing resul tant  colonies.  F o r  
mic roscop ic  examination i t  was  imperat ive  that  the t ape  
o r  f i l t e r  be a s  optical ly c l e a r  a s  possible and  that  m i c r o  - 
scopic  immer s ion  o i l  would cause  no damage.  
€a T h e r m a l  Stability - -  It w a s  c r i t i c a l  that  the en t i r e  t e s t  
se tup be s t e r i l e  except fo r  the  t r a c e r  o rgan i sm inoculum 
a t  the  joint so that f a l s e  data  would not be genera ted .  
The re fo r e ,  the  wi tness  su r f ace  had to withstand a d r y  
heat  s ter i l iza t ion cycle of 125' C for  18 hou r s  and /o r  
s t e am s ter i l iza t ion for  30 minutes  a t  20  pounds p r e s s u r e .  
Q Spore  Retention Cha rac t e r i s t i c s  - - The wi tness  technique 
uti l ized had to  e l iminate  the  possibility of pa r t i c les  "bouncingii 
f r om one a r e a  of the collecting su r f ace  t o  another a f t e r  ini t ial  
impact ,  Obviously, any secondary movement  of pa r t i c les  on 
the su r f ace  would invalidate the  r e s u l t s  obtained.  
T h e  following Table  13  s u m m a r i z e s  the  var ious  f lexible f i lms  invest igated 
in t e r m s  of the  above c r i t e r i a .  The  two m o s t  acceptable  su r f ace s  for  
wi tness ing bac te r ia l  fallout w e r e  my la r  sheeting covered  on one s ide  
with high tack t ape  and  Mil l ipore  f i l t e r s  predipped in Octoil-S (Con-  
sol idated Vacuum Corporat ion) .  In each ca se ,  t he  st icky tape  a n d  
t h e  vacuum o i l  s e r v e d  to  s tabi l ize  the  s p o r e s  impacting on the  su r f ace  
a n d  prevented accidenta l  re locat ion.  
2 . 4 . 4 .  1 P r e t e s t  Methods 
a .  Dried Baci l lus  globigii s p o r e s  w e r e  again uti l ized a s  the  
t r a c e r  o rgan i sm  for  r e a s o n s  outl ined in Section 2. 1 of th i s  
r epo r t .  
b. T h e  day proceeding a separa t ion  joint a s s a y  my la r  sheeting 
w a s  placed over  the  s l ide  a s s emb ly  and  s e c u r e d  on the a s semb ly  
undersur face  with masking tape .  One layer  of high tack tape  
w a s  appl ied  to t he  upper su r f ace  of t he  my la r .  
c. Immediate ly  before  the  inse r t ion  of the  explosive cha rge  
into the  t e s t  chamber  aga r  contact plates (Rodac) w e r e  made  
at var ious  points within the  t e s t  chamber  t o  provide information 
on any pre tes t  contamination. The r e s u l t s  of t he se  plate counts 
w e r e  a lways  negative with r e spec t  to  B. globigii.  Those  few 
colonies that  w e r e  r eco rded  w e r e  m o s t  likely the  r e su l t  of 
bac t e r i a l  fallout f r o m  the technic ians  working on the  e lec t ron ics  
and  s l ide  positioning p r io r  to  the t e s t .  
d. Mill ipore f i l t e r s  predipped in Octoil-S vacuum o i l  w e r e  
appl ied  to  the  back wal l  of the  t e s t  chamber  as collect ion 
devices .  In e a r l i e r  t e s t s ,  Rodac plates w e r e  u sed  to  sample  
th i s  su r face .  
e .  The  B.  globigii s p o r e s  w e r e  appl ied  to the  inner  face  of 
the separat ion joint about half way f r o m  the  top of t he  joint.  
C a r e  w a s  taken t o  r e s t r i c t  bac te r ia  to  t h i s  region - a t ape  
covered  the open s l i t  to  prevent accidenta l  fallout during 
inoculation f r o m  reaching the  s l ide  a r e a .  
TABLE 113 
SUMMARY O F  COLLECTING SURFACE TYPES 
Type and Phys ica l  Heat Comments  and 
Manufacturer Charac te r i s t i cs  Stability Conclusions 
1250C 24 h r s .  
( I ) Fluo rolin brownish; slightly unchanged not useful for  
Tape ( Jolin opaque; one side purpose of 
Manufacturing st icky witness s u r -  
Company) face; difficult 
to manipulate 
(2 )  Chemfluor mi lk  white but unchanged difficult to 
Thread  Tape c leared  by i m m e r -  manipulate - 
(Chemplast  Co. ) s ion with Ethanol not considered 
nei ther  s ide  s t icky fur ther  
( 3 )  Mylar Sheeting c r y s t a l  c l ea r ;  unchanged excellent  
(Manufacturer nei ther  s ide  sticky; collecting s ur - 
unknown ) s t rong  face when 
covered with 
Scotch brand 
p r e s s u r e  - 
sensi t ive  high 
tack tape 
(4)  Polyethylene slightly opaque ; c h a r r e d  not considered 
Sheeting (Manu- ne i ther  side fur ther  
fac ture r  unknown) st icky; 
(5)  Cellophane Tape sl ightly opaque; cha r r ed  not considered 
( P e r m a c e l  Co. ) one s ide  st icky; fur the r 
(6 )  Polyvinyl opaque; nei ther  cha r r ed  not considered 
alcohol sheeting s ide  s t icky fur ther  
(Manufacturer 
unknown ) 
(7)  Cellulose F i l t e r s  mi lk  white but unchanged excellent 
(Millipor e Co. ) c leared  with collecting s u r -  
immers ion  oil; face  when p re -  
neither side sticky dipped in high 
vacuum oi l  to 
provide tacky 
sur face  
2 .4 .  4.  2 P o s t  T e s t  Methods 
a .  A s  noted in S e c t i o n 2 . 4 . 3 ,  the  wi tness  s u r f a c e s w e r e  
r e t u r n e d  to the  l abora to ry  fo r  subsequent examination.  
b. I n  genera l ,  the  Mil l ipore  f i l t e r s  w e r e  incubated a t  
33O C for  48 hou r s ;  t h e  my la r  t ape  w a s  cut into thin s t r i p s  
and examined under a light m ic ro scope .  The  fa l lou t  on the  
my la r  t ape  w a s  very  heavy and  any a g a r  culturing yielded 
inadequate r e s u l t s  due to overgrowth.  
2 . 4 . 4 . 3  Discuss ion 
The detection and  enumerat ion of individual bac t e r i a l  s p o r e s  
over a 5 x 6 inch collecting su r f ace  i s  a  difficult t a sk .  The  
biological r e s u l t s  obtained in t he  wi tness  t e s t s  indicate that  
Mil l ipore  f i l t e r s  a r e  excellent  collecting su r f ace s  if the  
concentrat ion of the  fallout i s  not l a rge  (on the  o r d e r  of 200 
viable o r g a n i s m s  on a two inch d iamete r  c i rc le ) .  F o r  a r e a s  
of heav ie r  fallout the  Mil l ipore  f i l t e r  i s  inadequate and  m i c r o -  
scopic  examination of the  su r f ace  i s  r equ i red .  The  m o s t  
sa t i s fac to ry  su r f ace  employed fo r  t h i s  t a sk  w a s  m y l a r  f i lm 
with a t a ck  sur face .  Although the opt ica l  quality of the s t icky 
tape  cause s  some  difficulty, individual ce l l s  w e r e  ab le  to  be 
dist inguished.  
In s u m m a r y ,  B .  globigii s p o r e s  provided an  excellent  t r a c e r  
o rgan i sm  for  separat ion joint a s s a y s .  They r e m a i n e d  viable 
- 
throughout the  vacuum and  blas t  phases  of the  p rogram and  
w e r e  subsequently detected on two collecting su r f ace s  located 
on a movable  wi tness  s l ide  and the  back wal l  of the  t e s t  
chamber .  
2 .4 .  5 T e s t  Resu l t s  
To demons t r a t e  the adequacy of the  proposed wi tness  techniques,  it 
w a s  d e s i r e d  t o  accompl i sh  the following object ives  in the  separa t ion  
t e s t s :  
a .  Rel iable  operat ion of a t i m e  resolving wi tness  device in synchro-  
nization with the joint sever ing explosion. 
b. Demonstra t ion of adequacy of t r a c e r  o rgan i sm inoculation a n d  
detection p rocedures .  
c. Ex t rac t ion  of meaningful information by ana lys i s  of the r aw  data.  

FIGURE 46 OSCILLOSCOPE TRACING O F  TEST NO. 5 
T O P  -- PRETEST TRACING 
BOTTOM - ACTUAL TEST TWACING 
After sever ing the jo in t ,  the  t e s t  box w a s  reopened and 
se lec ted  s u r f a c e s  a s s a y e d  again .  A genera l ly  ubiquitous 
d i spers ion  of B .  globigii s p o r e s  through the t e s t  box was  
found a f te r  each  joint separa t ion.  Th i s  unexpectedly wide 
d i sposa l  of o r g a n i s m s  w a s  presumably due to  improper  
functioning of the  z ip  cord .  The  fact  that s p o r e s  w e r e  
detected in re la t ively  inaccess ib le  p laces  s e e m s  to  indicate 
adequate  sensit ivi ty of the  a g a r  contact  plate technique.  
Var ia t ions  in technique w e r e  t r i e d  t o  obtain the m o s t  a c c u r a t e  
r e cove ry  of o r g a n i s m s  f r o m  the  wi tness  sl ide.  The findings 
of t h i s  work  w e r e  r epo r t ed  in Section 2 . 4 . 4 .  
2 . 4 . 5 . 3  Zip  Cord  F a i l u r e s  
In t he  f i r s t  and  second t e s t s ,  the  detonation charge  and z ip  
co rd  w e r e  en t i re ly  contained in t he  t e s t  box. Th is  a r r a n g e -  
ment  w a s  u sed  as a precaution aga ins t  r e l e a s e  of sh rapne l -  
l ike deb r i s  into t he  vacuum chamber .  No evidence of sh rapne l  
w a s  found; however ,  in the  second t e s t ,  the zip co rd  rup tu r ed  
badly ( s e e  F i g u r e  47) .  In the  following t h r e e  t e s t s ,  the 
detonator w a s  placed outside the  t e s t  box and  the  zip co rd  
brought out of the  box in va r ious  ways  t o  ava id  s h a r p  edges  
and  bends.  Yet f a i l u r e s  o c c u r r e d  in every  c a s e ,  and  i t  i s  now 
fel t  that  the  zip co rd  s amp le s  supplied cannot mainta in  in tegr i ty  
under conditions of uneven s t r e s s .  As  a consequence of t he  
f a i l u r e s ,  g a s  w a s  r e l e a s e d  into the  t e s t  box in  each separa t ion  
t e s t ,  invalidating the  physical  b a s i s  fo r  determining the ini t ial  
o rgan i sm  veloci t ies  and  angular  d is t r ibut ions .  
2 .4 .  5 . 4  Data Analys is  
Assays  of the  wi tness  device top  su r f ace  and s l ide  su r f ace  
fu rn i sh  information on the  velocity and  angular  distr ibution 
of o r g a n i s m s  r e l e a s e d  the  joint separa t ion .  Under idea l  
chamber  vacuum conditions, i .  e . ,  vacuum bet ter  than 
t o r r ,  ae rodynamic  d r ag  on the r e l e a s e d  s p o r e s  can be ignored,  
and i t  can be a s s u m e d  that  t he se  follow bal l i s t ic  t r a j e c to r i e s .  
Thus ,  i t  r e q u i r e s  a t ime  tfo for  a n  o rgan i sm  r e l e a s e d  hor izon-  
ta l ly  f r o m  the  inoculation point t o  fa l l  the  d is tance  t o  the wi tness  
s l ide .  Th i s  t i m e  i s  independent of the  ini t ial  hor izonta l  velocity 
UH. At the  t i m e  tf l a te r  than detonation, a ce r ta in  na r row  a r e a  
of the  wi tness  s l ide  h a s  rnoved beneath the s l i t  opening. The  
in i t ia l  ve r t i c a l  velocity of an  o rgan i sm  detected in t h i s  a r e a  can 
be a s s u m e d  to be ni l ,  and  i t s  hor izonta l  velocity i s  given by 
FIGURE 47 INTERIOR O F  TEST CHAMBER SHOWING 
SPLIT R I P  CORD AT L E F T  - TEST NO. 2 
where  y i s  the  dis tance  the  o rgan i sm h a s  t r ave l ed  perpen- 
d icular  to the t e s t  joint.  Thus ,  the  distr ibution of o rgan i sms  
a c r o s s  the s l ide  (pe rpend icu la r  t o  the di rect ion of s l ide  t r ave l )  
g ives  t he  dis t r ibut ion of in i t ia l  hor izonta l  veloci t ies ;  the  
distr ibution of o r g a n i s m s  in the  di rect ion of s l ide  t r a v e l  about 
the  a r e a  whe re  tf = tfo gives  roughly the dis t r ibut ion of ve r t i c a l  
veloci t ies .  If the  motion of the s l ide  i s  uniform,  i. e . ,  if the 
d is tance  of s l ide  t r a v e l  i s  r e l a t ed  to  the post-detonation t i m e  
in te rva l  by a re la t ion  
X = Vs t f ,  
the  ve r t i c a l  veloci ty  f o r  a given s l ide  t r a v e l  d is tance  i s  given by: 
w h e r e  Sv i s  the  ve r t i c a l  f a l l  d is tance ,  and  Vs i s  the  s l ide  
velocity,  both in  c. g.  s. units .  The  fall d is tance  w a s  usually 
s e t  a t  about 4 c m  and  the  s l ide  velocity typically w a s  -- 45 c m /  
s ec .  F o r  these  pa r ame te r  values the  wi tness  a r e a  is sensi t ive  
t o  r e l e a s e d  o rgan i sms  in appr  3ximately t h e  velocity r anges  
and  
Detai led quantitative m e a s u r e m e n t s  of velocity d is t r ibut ions  
w e r e  not obtained because  of the  above ment ioned z ip  co rd  
f a i l u r e s .  
T h e  angular  d is t r ibut ions  of r e l e a s e d  o r g a n i s m s  w e r e  de te rmined  
by observing the fallout distr ibution in a n  angular  region on t h e  
wi tness  device top  su r f ace ,  cen te red  underneath  the  inoculation 
point. The a s s a y s  w e r e  made  by aga r  contact  p la tes .  It w a s  
found a f te r  each t e s t  that  t he  o rgan i sms  w e r e  d i s t r ibu ted  about 
equally a t  a l l  angles .  Th i s  unexpected r e s u l t  i s  a t t r ibu ted  to 
t he  dis turbance caused  by the  g a s  r e l e a s e  ment ioned above.  
T h e  a g a r  plate method i s  not sui ted  t o  high fallout concentra t ions .  
I t  i s  t he r e fo r e  suggested that  the angular  region should be covered  
by a removable  Mil l ipore  t empla te ,  which can be cut  into angular  
segments  and analyzed by dilution techniques.  
The  gene ra l  r e su l t s  and  conclusions drawn f r o m  each  of the t e s t s  
a r e  summar i zed  in Tab le  14. 
TABLE 14 WITNESS TECHNIQUE TEST SUMMARY (Continued) 
Tes t  Joint Inoculation Chamber Critical Horizontal Vertical Comments 
Series  Orientation Method Pressure  Slide Velocity Velocity 
Travel Dispersion Dispersion 
Distance A% / A  A U ~  aX 
X (tf0) 
A Horizontal Wet and 0. 15 t o r r  Slide mechanism failed Conclusion: where 
Dry possible, moving 
parts  should be of 
stainless steell. Only 
dry  heat sterillization 
should be applied. 
B Horizontal Wet and 0.15 t o r r  5.5 cm 8, l / s e c  >;c w 
N 
U, Dry 
C Vertical Dry 
D Vertical Dry 
0.005 5.8 cm 9.4/sec 
t o r r f  
5 x 1 0 ~ ~  4 . 2 c m  9.41sec 
t o r r  
Result: Zip cord rupture. 
No meta l  shrapnel. 
Chamber pressure  of 
. 15 t o r r  mucbi too Kgh. 
Incomplete slide travel. 
Zip cord rupture. Test  
box position shilfted. 
Decelerated slide 
motion. Test  box 
pressure  rose to& O1 040 
t o r r  after detonation. 
Improved detonator 
mounting. Zip cord 
rupture. I rregular  
slide motion. 
TABLE 14 WITNESS TECHNIQUE TEST S U W R Y  (Concluded) 
Tes t  Joint Inoculation Chambe r Cri t ical  Horizontal Vert ical  
Series  Orientation Method P r e s s u r e  Slide Velocity Velocity 
Travel  Dispersion Dispersion 
Comments 
E Vert ical  Dry  5 x 1 0 - 5  5 .Ocm I l e 3 / s e c .  17.5 Straight through zip 
t o r r  cord ins tallation, 
Rupture. Irnproved 
mechanical mounting of 
witness device; nearly 
perfect operation. Con- 
clusion: Zip cord 
inadequate. 
*<Not quoted because of i r r egu la r  sl ide motion 
+Tests  were moved to a new vacuum facility to obtain lower pressures .  
3.0  STERILIZATION CERTIFICATION PLAN 
The basic  contract t a sk  to  which this  program was addressed was the de- 
sign of an  empir ical  approach toward investigation of the severi ty  of the 
recontamination problem. The goal was to  allow in-depth analysis of data  
to prescr ibe  a set  of recommendations fo r  certification of the s te r i le  integ- 
r i ty  of a space probe. The scope of consideration for  this plan includes 
al l  mission phases f rom terminal  steril ization to final delivery of the probe 
vehicle to the target  planet surface.  
This section presents  a discussion on the development of a probabilistic 
recontamination model and a summary  of the study resu l t s  that provide the 
framework fo r  a ground tes t  certification plan. 
3.1 RECONTAMINATION MODEL 
The contract document has  specified the following assumptions which a r e  
pertinent to the development of the subject model: 
1. After te rminal  heat steril ization, the encapsulated probe m a y  be 
s tored fo r  variable t ime intervals  ranging f rom one month to  a 
year  . 
2. No special  quarantine procedures  a r e  provided during the s torage 
mode. The study should assume unlimited opportunity for  con- 
-
tamination. 
3. There  a r e  no provisions for  special handling during t ranspor t  
f r o m  place to  place. 
4. Just  pr ior  to mating with the spacecraft ,  the canis ter  may be 
cleaned i n  a launch s i te  t reatment  facility. 
The following recontamination model considers the guideline assumptions 
and the discussion of the typical mission phases and events presented i n  
the introduction section of this  report .  Table 15 provides a definition of 
t e r m s  used in  the model. To determine a total recontamination probability, 
i t  i s  necessa ry  to  design the mission so  that known l imi ts  may  be placed on 
two kinds of factors:  (1) the probabilities that various conditions exist ,  
e. g. , bio-bar r ie r  puncture, e tc . ,  which give organisms at specific loca-  
tions on the spacecraft  opportunities for  quarantine violation, and (2) the 
probable distribution of organisms over the spacecraft  and the probability 
of actual t ransport  f rom the initial inoculation site to the s te r i le  probe. 
TABLE 15 
DEFINITION O F  TERMS FOR RECONTAMINATION MODEL 
PI  Pos t  terminal  steril ization handling and s torage 
P2 Removal f rom storage, integration testing and mating 
P3 Launch operations and ascent  
P4 Canister venting to depressurize during ascent  o r  just 
pr ior  to lid opening 
P5 Space cruise  on interplanetary t rajectory 
P6 Course and velocity corrections 
P7 Canister  lid opening and lid deployment 
P8 Space cru ise  with lid open o r  removed 
P9 Probe deployment 
Transport  Probability Fac to r s  
Pv Violation of an  opening in  the bio-barr ier  
P~ Organism survival under exposure to environment 
P~ Existence of an organism along t rajectory of probe 
P~ Possible proliferation and subsequent detection in  experiments 
directly o r  by alteration in ecology of organisms car r ied  to 
target  planet. 
The fo rmer  category we denote broadly by the t e r m  "opportunity probability 
fac tors , "  and the la t te r  may be called t ransport  probability factors .  
The opportunity probability factors  Pi a r e  composites of the various 
circumstances whereby fai lure  in  the quarantine defense may occur. Thus, 
the Pi t e r m  encompasses the subfactor s which account fo r  probabilities 
that the canis ter  i s  punctured in  handling o r  s torage i n  such a manner that 
a violation would occur that would not be detected by a s ter i l i ty  monitor 
technique. One technique for  monitoring s ter i l i ty  in  the s torage mode was 
maintenance of positive canis ter  pressure .  In the i = 1 -+3 modes, this  
technique may be adequate to  reduce the undetected violation threat to nil, 
but f rom the i = 4 through the i = 7 events and i n  fact through the i = 9 
event no specific s ter i l i ty  monitor technique i s  known and the recontamina- 
tion threat  is purely probabilistic. 
The t ransport  probability factors ,  Pv, PK, PT, and PD involve determining 
a s  accurately as possible, the probable contamination burden ca r r i ed  aloft 
by a planetary probe spacecraft ,  the effect on this  contamination of expo- 
s u r e  to  the mission environment, and the probability that some specific 
mechanism effects contamination by t ransport  of a viable organism via one 
of the opportunity modes. As we shall  see  i n  grea ter  detail  below, the 
aggregate probability for  recontamination i s ,  at  l eas t  approximately, a 
sum of t e r m s  which a r e  products of individual probability factors.  To in- 
s u r e  meeting the COSPAR quarantine requirement,  i t  i s  necessary  to  
guarantee that a l l  appropriate probability products of this  sor t  a r e  suffi- 
ciently small. F o r  a given spacecraft  design, i t  will be necessary to  
evaluate the individual t ranspor t  probability fac tors  for  the various inocu- 
lation s i tes ,  e. g. , so lar  panel r e a r  surfaces,  separation joint edges, etc. , 
f r o m  which r econtamination is highly probable via specific opportunity 
modes. Since it is impract ical  to give equal attention to all contingencies, 
the grea tes t  analytical effort should be devoted to cases  where the product 
of opportunity and t ranspor t  probabilities seem highest. The important 
t ranspor t  probability fac tors  a r e  shown i n  the second section of Table 15. 
The f i r s t  of these,  PV, accounts the probability that a single organism 
has velocity and direction such that i t  will pass  through an opening in  the 
bio-barr ier .  This PV i s  a multi-valued function with a specific value 
applicable to each opportunity mode. The expression of PV for  the i th 
opportunity mode must  take into account the la rge  differences i n  surface 
a r e a  of the canis ter  to be violated, comparing, for  example, the a r e a  f o r  
a small  number of micron  s ize holes that might exist i n  the storage mode 
o r  ear ly in  the space cru ise  phase with the full canis ter  diameter sized 
hole that exists af ter  canis ter  l id separation. 
The t e r m  Pp(: considers  the probability of exposure of a single organism to 
a non-lethal space radiation dose. The test  resu l t s  of this  report  indicate 
the lethality of UV radiation and also point out the protective effect provided 
to the inner organisms of a clump. In a more  complete mode than i s  in- 
tended here ,  this protective effect would need to be accounted through a 
particle size distribution function. 
The t e r m  PT accounts the probability that an organism exists along the 
deployment t rajectory of the probe. The magnitude of PT depends on the 
details of the t ransport  mechanics which may enable an organism deposited 
on a more  o r  l e s s  remote a r e a  of the spacecraft to effect recontamination. 
Important subfactors to be considered are :  the distribution of organisms 
ejected into the spacecraft environment by the various mid-course and 
deployment maneuvers,  the relative probability amongst al l  possible organ- 
i s m  movements of collision course t rajectories  with the s ter i le  probe, etc. 
The basic theoretical aspects of organism transport mechanics about a 
generalized spacecraft a r e  discussed in  detail elsewhere in this report. 
To establish meaningful numerical est imates for  any of the subfactors of 
Pv, further  application of the theoretical analysis to specific spacecraft 
models and deployment sequence designs is needed. 
The t e r m  PD is dependent upon all  factors  affecting the viability of any 
organism which under any circumstance is transported to the target planet. 
An organism that does not grow out is of no consequence--is not viable. 
Fur ther ,  if i t  does grow out but i s  not detected because it  is not found a t  
a site of interest  o r  does not otherwise a l te r  the natural ecology, i t  i s  
similarly of no consequence. 
We may summarize the proposed recontamination model in  the following 
way: We imagine that during a given mission phase - i ,  there i s  a probability 
Pi of a bio-barr ier  failure or  other opportunity to contaminate, and that 
@ of an initial number of organisms Nj, positioned on a given spacecraft 
surface a r e a  Aj, a certain portion PK a r e  likely to have survived the 
mission environment profile f rom terminal sterilization to phase - i ;  
@ of these, a portion PT a r e  caused by some planned o r  unplanned event 
to be set on collision course with the s ter i le  probe; however, 
@ for  these, the probability of impact i s  P v ,  which i s  the fraction of 
the bio-barr ier  opened o r  of the probe surface exposed; and finally 
@ of these, we a r e  concerned only with the fraction PD which may su r  - 
vive descent to the planet and be detected by life sensing experiments. 
Combining the foregoing factors ,  we obtain the expression 
for the probable (or "expected") number (N> i ,  j of quarantine violations by 
organisms reaching the s ter i le  probe f rom the surface element Aj, during 
the ith mission phase. In Equation ( I ) ,  the transport probability factors  
PK . . . PD a r e  all  given the subscripts i and j to indicate that specific 
values a r e  assumed for each combination of spacecraft surface a r e a  ele-  
ment and mission phase or  violation opportunity. The total expected 
number of violations for a proposed mission is obtained by summing the 
expected violations i n  al l  post sterilization mission phases f rom all  su r  - 
faces of the spacecraft1: 
< N > =  C 
All i C .<N> i, j All J 
The value of the above general formulation of the recontamination model i s  
that the specific probability factors  most crit ical in  determining the total 
recontamination probability a r e  readily found by studying the individual 
<N> i ,  j t e r m s  in  detail. 
F o r  example, during the pre-launch mission phases,  i t  is certain that 
there  will be instances of extremely high microorganism concentrations 
which will definitely contaminate the s ter i le  probe, i f  the opportunity 
exists. The safety of the probe r e s t s  entirely on the reliability of the bio- 
b a r r i e r ,  i. e. , the canister assembly design must be such a s  to  a s sure  that 
the violation opportunity probabilities, P i ,  P2, and P3 a r e  virtually nil. 
The bio-barr ier  o r  sterilization canister concept exists to prevent recon- 
tamination during the period of encapsulation. The probability of recontam- 
ination and hence violation of quarantine is zero for  events up until the 
event of depressurizing the bio-barr ier  provided that all occurrences of 
possible violation a r e  detectable with a canister p ressure  based steril i ty 
monitor. The probable recontamination i s  zero, for  if  a violation were  
detected, the probe would not be released. However, pressure  o r  gas flow 
'1n that the probability factors may be considered to be continuous functions 
of t ime and inoculum location, the summations in  Equation (2) should strictly 
be replaced by integrals. However, i t  is a matter  of considerable conven- 
ience to assume that the factors remain fa i r ly  constant for certain periods 
of t ime and over large areas ,  This i s  legitimate for the purpose of est imat-  
ing maximum recontamination probabilities i f  always estimates of the upper 
l imits  of the individual factors a r e  used. 
t o  r ep res su r i ze  a canis ter  due to  leakage a s  a steril i ty monitor technique 
i s  believed valid only for  leakage through microscopic openings and not 
valid for  macroscopic openings of a s ize that will f ree ly  pass  bacteria.  As 
has been shown in  work done by Avco under contract NAS 1-7277, mainten- 
ance of 112 inch of water  p res su re  i s  sufficient to  preclude violation under 
s e a  level atmospheric conditions. Similar A p values can be determined for  
other mission phases for  preclusion of organisms approaching an opening i n  
a b io-bar r ie r  a t  specified approach velocities. Thus,  the canis ter  assembly 
manufacturer may certify quarantine requirement compliance through the 
vehicle ascent mission phase by demonstrating maintenance of adequate 
canis ter  overpressure  as verified by suitable te lemetry data. 
On the other hand, during the post -launch mission phases,  the opportunity 
probability fac tors  become unity. The solution i n  these cases  i s  to control 
the t ranspor t  probability factors .  On al l  exposed spacecraft  surfaces,  a 
very  small  survival probability, P K ,  i s  assured  by the effect of solar  and 
space radiations. Yet, the possibility of var ious mechanical components 
of the spacecraft  serving a s  radiation shields fo r  l a rge  numbers of organ- 
i s m s  must  be admitted. To meet  this prospect,  i t  must  be a design c r i -  
ter ion to reduce the fac tors  PT and PV a s  much a s  possible during the 
post-launch phase. 
The design of the canis ter  venting system demands special attention to 
minimize the penalties imposed on this mission phase by the quarantine 
requirement. Canister venting i s  necessary regard less  of specific space- 
craf t  design. F o r  smal l  volume canis te rs ,  this  venting event may occur 
just pr ior  to  canis ter  l id  removal such that a p res su re  dependent s ter i l i ty  
monitor may be employed over the longest possible mission time. F o r  
small  canis te rs  this p res su re  would be one atmosphere plus whatever 
p res su re  above atmospheric i s  necessary for  monitoring. This approach i s  
applicable for  canis te rs  constructed of minimum gage mater ials .  When 
mater ia l  gages must  increase  to  accommodate positive p res su re ,  depressur i -  
zation during ascent has  l a rge  system weight benefits. Any venture design 
would most  probably have a f i l ter  t o  prevent backflow of organisms into the 
canister.  Studies a t  Avco have shown that positive type f i l ters--pore s ize 
l e s s  than organism s ize- -are  weight prohibitive to  allow optimum venting of 
la rge  canis te rs  in ascent flight. Interception type f i l te rs  that fi l ter by a 
maze  technique have a significant weight benefit, but also have a higher 
probability of allowing recontamination. In any case ,  venting is necessary  
and i f  we assume P q  PK z 1 ,  the venting system must  be s o  designed that 
the product PT PV is adequately small. 
F o r  the flight conditions considered for  the space cruise  phase, the space 
vehicle system i s  relatively inactive and the t ransport  probability PV is 
dependent upon the existence of openings in the canister f rom prior  events 
and the anticipated micrometeorite punctures. Assuming only that IPg = l, 
we express the probable number of violations during this phase as :  
where the summation is again over al l  spacecraft surfaces. In the flight 
mission, changes i n  the space vehicle direction and velocity will occur. 
These will consist of the one or  more  mid course corrections and the t a r -  
get planet orbit injection retro-thrust.  The number of such events must 
enter into the calculation of the PT factor. In an  exact treatment,  each 
course o r  velocity correction should be t reated individually. 
The evaluation of PT for  an individual spacecraft maneuver involves 
estimating the peak dynamic loading, the effects of rocket gas release,  
the behavior of contaminated particles of various s izes  in the spacecraft 
environment, etc. This problem should receive further study. If i t  should 
prove impossible to  show that PT is small for all surviving organisms during 
the deployment mission phase, then i t  may be necessary to  incorporate some 
germicidal feature on the surfaces of the lander probe. 
The foregoing recontamination model allows us to estimate the maximum 
contamination burden the spacecraft may c a r r y  consistent with a specific 
quarantine requirement. We suppose that the major recontamination threat  
is represented by the contribution <N> 9, j f rom a particular spacecraft 
surface area ,  during the probe deployment mission phase: 
<N> 2 <N> 9,  j = P9 (PK PT P~ P ~ ) 9 ,  j Nj 
Accepting a quarantine requirement of: 
<N> 6 
and accepting a s  conservative probability estimates the values: 
we find that initial spacecraft burden allowed is at least  
This resul t  is conservative for  the average challenge that might exist  i n  
the s torage and prelaunch operations modes for  a smal l  canister 2 to  3 
feet i n  diameter.  Studies by Avco under NAS 1-5224 have shown that the 
total  microbial  load p r io r  to te rminal  steril ization for  an ent i re  probe 
8 vehicle assembled in  a normal factory environment would not exceed 10 . 
Therefore,  a challenge of l o 8  to only the canister i n  an uncontrolled s tor -  
age environment i s  reasonable. The challenge in  other mission modes 
considered i n  the model have not been provided either by this  study o r  by 
the NASA, but i t  is doubtful that these challenges would exceed 108. 
Suggestions fo r  the fur ther  development of this recontamination model 
a r e  given i n  Section 4.0. 
3 . 2  RECOMMENDATION FOR GROUND TEST CERTIFICATION 
The mission phases and events between terminal  dry  heat steril ization 
and impact of the probe vehicle with the target  planet have been con- 
s idered i n  the recommendation of this section. These mission phases 
a r e  as follows: 
Storage tes t  
Prelaunch t e s t  
Launch tes t  
Canister Venting t e s t  
Cruise analysis 
Course and Velocity Correct ions analysis 
Canister  Lid Separation test  
The t e s t s  that a r e  recommended to evaluate candidate canister designs 
for  the recontamination threat  that prevails for  these phases and events 
a r e  shown adjacent to the above l i s t  of phases. 
The recontamination threat  in  s torage,  prelaunch, and launch requi res  
the simple exposure of a canister to an  airborne microbial  environment. 
The t e s t  hardware would have to  be carefully leak checked i n  the course 
of this  tes t  s e r i e s  to  monitor for  leakage. This might be accomplished 
by pressurizing the canister with helium and enclosing the canis ter  i n  a 
l a r g e r  container that i s  equipped with a helium m a s s  spectrometer.  The 
environment between the canis ter  and the test  container could be densely 
charged with t r a c e r  organism challenge. Internal to  the canis te r ,  viola- 
tion witness f i l te rs  such a s  used i n  the experimental portions of this  
contract study could be employed to capture violating organisms. The 
tes t  should include simulation s f  the handling loads,  ascent loads and vi- 
brations,  and also should include a negative p res su re  tes t  within the 
se r i e s  to examine the existance of violation paths that might not be 
detected b y  the leak monitoring. The filter would cover the entire inner 
surface of the canister so  that the specific location of a violation can be 
witnessed. For  dynamic simulation in  vibration tes ts  of the se r i e s ,  a 
dynamic model of the contained vehicle should be included. 
Evaluation of the canister design in  the final stage of the launch sequence 
is equivalent to the cruise mode except for the dynamic load environment. 
Analysis and the insight provided in the container storage environment 
tes ts  is believed sufficient for  this mode. 
For  evaluation of the venting mode, simple tes ts  that employ only the 
venting mechanism- -valves, f i l ter ,  etc. --appear most productive. The 
selection of the particular fi l ter design should include backflow tes ts  of 
candidate f i l ters  t o  provide insight into appropriate probabilities to be 
used. Subsequent tes ts  of the venting mechanism in  assembly with the 
canister s t ructure should be performed to demonstrate the adequacy of 
the design. The design should include provision for monitoring the canister 
overpressure through the canister venting phase of the actual mission. 
F o r  the cruise,  and course and velocity correction modes, a test  program 
appears unwarranted due to the complexity of the microbial environment 
and the impossibility of an adequate ground simulation of that environment. 
This consideration i s  discussed in  the transport analysis section of this 
report. For  these same reasons, tes ts  that fully represent the environ- 
ment in the cruise with lid open and the probe deployment modes a r e  not 
recommended. 
The remaining mode i s  the lid separation event. The microbial environ- 
ment during this event is equally constrained by the complex force fields 
that prevail. A ground test  is further encumbered by the presence of the 
earth gravitational attraction. However, a s  has been shown in the exper - 
imental t e s t s ,  dispersion and velocity of organisms released f rom a 
separation joint (or  f rom other perturbed surfaces) can be measured by 
the technique developed in  this program. The validity of these measure-  
ments pertains t o  t imes l e s s  than one second. Witnessed violations 
beyond the one second measurement t ime should not in  themselves indicate 
inadequacy of the design to prevent recontamination. In the design of lid 
separation devices attention should be focused on designs that cause mini- 
mum perturbation such a s  heat induced melting of canister joints. The 
final determination of design adequacy must rely on analysis of the dis- 
persion data and the consideration of transport analysis of this report. 
4 . 0  SUGGESTED AREAS REQUIRING FURTHER INVESTIGATION 
4 , 1  EVALUATION O F  RECONTAMINATION PROBA.BILITY FACTORS 
The  ana lys i s  of recontaminat ion haza rd s  given in Section 3 . 0  indicates  
that  t o  min imize  the  probability of recontaminat ion during the  deploy- 
men t  sequence,  eject ion of the  lander  probe f r o m  the  opened can i s te r  
should be accomplished with a minimum of vibrat ion and  should be 
preceded by a quiescent  per iod of perhaps  an  hour  o r  m o r e .  Th i s  
ana ly s i s  does not indicate,  however ,  the  magnitude of recontaminat ion 
probability during the per iod a f te r  can i s te r  l id jet t ison and  before  lander  
separat ion.  Th i s  probability involves the  distr ibution of par t ic le  s i z e s ,  
veloci t ies ,  d i rec t ions ,  e t c . ,  r e l e a s e d  f r o m  var ious  spacecra f t  points by 
t he  in i t ia l  deployment maneuve r s ,  the  re la t ive  probability of t r a j e c t o r i e s  
which impact  a n  un re l ea sed  lander ,  and  the  re la t ive  probability of con- 
t amina ted  par t i c les  being in the  lander  deploym ent co r r i do r  when the  
lander  i s  r e l e a sed .  The  foregoing f ac to r s  depend, in t u rn ,  upon the  
in i t ia l  burden on the spacecra f t ,  the  magnitude of deployment-associa ted 
mechan ica l  v ibra t ions ,  the  deta i ls  of the  e l e c t r i c  f ie ld  environment,  
spacecra f t  geomet ry  and  deployment or ienta t ion,  p lanetary  environment ,  
e tc .  
Many of the  f a c t o r s  involved h e r e  cannot be evaluated by ana lys i s  o r  
sirpple exper iment .  Nonetheless,  i t  would be meaningful  to  a t t empt  t o  
f ind out which par t ic le  s i z e ,  r e l e a s e  velocit ies,  e t c . ,  h ave  a high proba- 
bility of recontaminat ion under given deployment c i r cums t ances .  Making 
ce r t a i n  assumpt ions  regard ing  the likely dis t r ibut ions  of par t ic le  s i z e s ,  
r e l e a s e  velocit ies,  e t c . ,  we could then infer  l imi t s  on the  spacecra f t  
burden r e l e a s e d  during deployment n e c e s s a r y  t o  sa t is fy  the  COSPAR c r i -  
t e r i a .  To  find the  especia l ly  menacing par t ic le  ca tegor ies ,  it is suggested 
that  typical  deployment s i tuat ions  be s imula ted  numer ica l ly  on a computer .  
The  t a s k  involved is to  s imula te  as wel l  a s  possible the  spacecra f t  environ- 
men t  during the  deployment sequence and  t o  de te rmine  the  probable disposit ion 
of a hypothetical  contaminated burden e jected f r o m  the  spacecra f t  su r f ace  by 
s o m e  mechan ica l  d is turbance.  P rov i s ion  m u s t  be made  for  considerable  
general i ty  and flexibility. It should, fo r  example ,  be possible t o  t ake  account 
of va r ious  or ienta t ions  of the  spacecra f t  with r e s p e c t  t o  t he  sun and  the  
planet, p lasma conditions at var ious  a l t i tudes  above the  planet, e tc .  Achieve- 
m e n t  of t he se  ~ b j e c t i v a s  r e q u i r e s  the  solution of s e v e r a l  computer pro- 
g r amming  problems,  which a r e  briefly d i s cus sed  below. 
4. 1.  1 Spacecraf t  S t ruc tu re  
In o r d e r  t o  ca lcula te  t he  radia t ion,  e l e c t r i c a l ,  a n d  gravi ta t ional  
environments  of a spacecra f t ,  i t  i s  n e c e s s a r y  t o  specify the  geome t ry  
of i t s  su r face ,  t he  distr ibution of m a s s ,  su r f ace  potentials ,  and  
opt ica l  p roper t i es .  The  c l a s s  of spacecra f t  geome t r i e s  which wi l l  
be cons idered  a r e  those  which can be conceived of a s  unions of 
s u r f a c e s  of c e r t a i n  s imple  sol id  geome t r i c a l  f o r m s ;  e .  g. , sphe re s ,  
cyl inders ,  cones ,  and  sol id  rec tang les .  Complex su r f ace s  can be 
de sc r i bed  in t e r m s  of mathemat ica l  s e t  theory ,  providing a gene ra l  
method  which r e q u i r e s  a min imum of spec ia l  p rogramming  fo r  
par t icular  su r f ace  geome t r i e s .  Such a method can be applied to  
identify ( enumera t e )  individual ex t e r i o r  su r f ace  e lements ,  on which 
e l e c t r i c  potentials  and  opt ica l  p roper t i es  a r e  speci f ied  and  t o  identify 
in te r io r  volume e lements  with specif ied densi t ies .  
4. 1 . 2  Deployment Locale and  Orientat ion 
It i s  important  to  study t he  dependence of recontaminat ion probability 
f a c t o r s  on t he  position of t h e  deployment maneuver  with respec t  to 
the sun and  t he  t a rge t  planet. Th i s  can be l a rge ly  accomplished by 
studying a number  of c a s e s  fo r  a given spacecra f t  geomet ry  and  in 
each ca se  set t ing up a coordinate f r a m e  in which a r e  specif ied any of 
t he  following: 
a .  the di rect ion of the  sun 
b. f luxes  of so l a r  radia t ion and  s o l a r  wind 
c .  the range  and  di rect ion of the planet 
d. density and  t e m p e r a t u r e  of the  planetary a tmosphe re  
e .  velocity of the  spacecra f t  
f.  or ienta t ion of the  spacecra f t  
At l a rge  r ange  f rom the  planet, i t  i s  sufficient t o  a s s u m e  that  
in terplanetary  conditions prevai l .  At c l o se r  r ange ,  the  i nc r ea sed  
medium density influences p r ima r i l y  the  spacecra f t  e lec t romagne t ic  
environment,  and  the  r a t e  of par t ic le-molecule  coll is ions.  T o  avoid 
undue mathemat ica l  complication,  a number  of o ther  mainly  mino r  
effects ,  e .  g. var ia t ion of conditions during the  cou r se  of a deployment 
sequence,  complete descr ip t ion of the  planetary a tmosphere ,  e tc .  , 
wil l  be neglected.  Thus ,  in in terplanetary  space ,  a spacecra f t  wi l l  be 
t r e a t e d  a s  a vir tually immobi le  object  i m m e r s e d  in  the  so la r  wind; 
whe rea s  in the  ou te r  planetary a tmosphere ,  i t  i s  to be cons idered  as 
plowing through a r a r i f i ed  ionized g a s  a t  approximately  o rb i t a l  velocity. 
4. 1. 3 Direc t ,  Reflected,  and T h e r m a l  Radiation 
T h e  radia t ion environment of t he  spacecra f t  i s  compr i s ed  of incident 
rad ia t ions  f rom the sun and  the  planet, the  port ions of t he se  which 
a r e  re f l ec ted  f r o m  spacecra f t  su r f ace s ,  and  the  spacec r a f t ' s  own 
t h e r m a l  radia t ions .  T h i s  combination of radia t ions  produces a f o r ce  
on any par t i c le  in the  vicinity of the  spacecra f t .  The  exact  magnitude 
of t h e  f o r c e  depends on t he  effective absorpt ion and  ref lec t ion c r o s s  
sec t ions  of the  par t ic le  a t  var ious  wavelengths.  F o r  the  purposes  of 
t he  proposed study, i t  is adequate to a s s u m e  that  one c r o s s  sect ion 
m a y  be u sed  for  d i rec t  and  re f lec ted  so l a r  radia t ion and  ano ther ,  
genera l ly  s m a l l e r ,  value used  fo r  all o ther  radia t ions .  T h e  c r o s s  
sect ion of a par t ic le  fo r  so l a r  radia t ion i s  genera l ly  of the  o r d e r  of 
i t s  geome t r i c  c r o s s  section.  T h e  method of calculating the  par t ic le  
f o r c e  components due to  e ach  of the  s e v e r a l  radia t ion s o u r c e s  m u s t  
be ass igned  as a spec ia l  computer  programming problem.  
4. 1.  4 Gravi ta t ional  At t ract ion 
T h e  g rav i ty  f ie ld  of a spacecra f t  can be calcula ted to  a r b i t r a r y  
accu racy  fo r  any given geome t ry  by numer i ca l  methods ,  o r ,  f o r  
s imple  geome t r i e s ,  by analyt ica l  techniques.  E i the r  technique 
wi l l  be u sed  whe re  appropr ia te .  
4. 1 . 5  E lec t romagne t ic  F i e l d  
The  calculat ion of the  spacecra f t  e lec t romagnet ic  environment wi l l  
be one of t he  m o r e  complex programming t a s k s .  The  complication 
a r i s e s  f r o m  the  fact  that ,  while t he  e lec t ron  and  ion c u r r e n t s  nea r  
t he  spacecra f t  de te rmine  the  e lec t romagne t ic  field, the  c u r r e n t s  a r e  
t hemse lve s  de te rmined  by the  f ield.  Also,  because  of the  considera t ion 
of complex spacecra f t  geome t r i e s ,  i t  i s  nece s sa ry  t o  ca lcula te  the  
f ie ld  numer ica l ly  a t  a g r i d  of d i s c r e t e  points throughout a c e r t a i n  
volume a round  the  spacecra f t .  An i t e ra t ive  procedure  wi l l  be adopted,  
where in  a pre l iminary distr ibution of c u r r e n t s  and  cha rges  i s  taken as 
the  ba s i s  fo r  calculating e l e c t r i c  and magnet ic  f ie ld  values  consis tent  
with Maxwel l ' s  f ie ld  equations;  the  resu l t an t  f ie lds  a r e  then u sed  t o  
obtain m o r e  accu ra t e  charge  and  cu r r en t  d is t r ibut ions  consis tent  with 
the  par t ic le  equations of motion;  and  then the  procedure  i s  r epea ted  
unti l  sufficient a ccu racy  i s  achieved.  The  objective is to  find sufficiently 
a c c u r a t e  values of the e l e c t r i c  and  magnet ic  f ie lds  to  ca lcula te  the 
f o r c e s  on contaminated par t i c les .  F o r  a given spacecra f t  geomet ry ,  
va r ious  e lec t romagnet ic  f ie ld  solutions can be obtained depending on 
the  a s s u m e d  plasma density and  the  spacecra f t  su r f ace  potentials.  
4. 1 .6  Analysis of Recontamination Probability 
Keeping in mind that the purpose of this  program i s  to provide 
initial insights into the magnitudes of recontamination hazards ,  it 
s e e m s  important not to intToduce too many details into the analysis 
of probabilities. The approach adopted can be refined and extended 
if it i s  required to evaluate specific proposed spacecraft  designs 
and deployment concepts. 
A possible deployment concept for preliminary analysis of recon- 
tamination probability i s  the following: The canister lid i s  jettisoned 
a t  t ime t = 0 ,  leaving an aper ture  of radius RA. The lid i s  assumed 
to move rapidly beyond the range of spacecraft  influence and i s  then 
neglected from further  consideration. The lander capsule i s  assumed 
to be a sphere,  whose radius i s  RC = RA. The capsule i s  held within 
the canister until a t ime t ~ ,  when it i s  re leased  through the aper ture  
a t  a moderate speed. When held in the canis ter ,  the capsule i s  so 
positioned that no portion extends outside the aper ture  plane. When 
released,  it moves on a straight t ra jectory perpendicular to the 
aper ture  with a velocity of perhaps l e s s  than 1 meter lsecond.  The 
effect of the lander capsule on the particle force fields about the 
spacecraft  a r e  neglected a s  a f i r s t  approximation. When the range 
of the capsule to the spacecraft  exceeds a few tens of me te r s ,  the 
phase of deployment of concern he re  i s  considered complete. 
The recontamination hazard  to be considered i s  that presented by 
contaminated particles ejected into the spacecraft  environment by 
vibrations associated with the canister lid jettison o r  other maneuvers.  
The distribution of particles ejected may be character ized by the 
particle properties and initial parameters ,  e. g . ,  particle mass ,  
initial charge, c r o s s  sections for radiation forces ,  initial location, 
speed and direction, etc. The probability of recontamination may be 
r e  solved basically into the probability of contamination by a particle 
with specific attributes ( i .  e . ,  properties and initial parameters)  and 
the relative numbers of particles with various attributes.  To reduce 
the number of independent parameters  introduced, simple particle 
models can be constructed relating particle mass ,  charge, radiation 
c r o s s  section, e t c . ,  to particle size.  It may be necessary then to 
include only the initial location, initial velocity and particle size a s  
particle attributes.  Denoting the aggregate of such attributes by the 
symbol X,  given a particular spacecraft  and environmental model 
and a specific deployment concept, the recontamination probability 
can be expressed symbolically by an integral; 
where  5 i s  t h e  ave r age  number  of recontaminating par t i c les ,  
C 
P (X)  is t he  probability of recontaminat ion by a par t ic le  
with speci f ic  a t t r ibu tes  X, 
dN 
- dX i s  the  number  of pa r t i c les  with a t t r ibu tes  in  a r ange  
dX dX about X. 
P(X)  m a y  be evaluated fo r  d i s c r e t e  choices  of X ( i .  e . ,  d i s c r e t e  
choices  of e ach  par t ic le  a t t r ibute)  by simulating the mot ions  of 
the  pa r t i c les  r ep r e sen t ed .  If the  par t ic le  a s soc i a t ed  with pa r t i cu la r  
a t t r ibu tes  X c a u s e s  recontaminat ion,  then P(X)  = 1; o therwise  P(X)  
= 0. It is poss ible  in th i s  way t o  gene ra t e  a mul t i -d imensional  
h i s togram,  whose  s ta t i s t i ca l  average  nea r  a ce r ta in  X is jus t  P(X) .  
In t e r m s  of t h i s  ana lys i s ,  the COSPAR requ i rement  m a y  be e x p r e s s e d  
as  
w h e r e  p i s  t h e  portion of to ta l  contamination probability t o  be al lowed 
by recontaminat ion.  The  evaluation of P(X)  pe rmi t s  the  specif icat ion 
of the  max imum allowed values of d ~ l d x ,  i .  e .  t h e  maximum number  
of pa r t i c les  which deployment maneuve r s  m a y  e ject  f r o m  a given 
su r f ace  a r e a  in a given velocity range  in o r d e r  to  not exceed  the  
al lowed recontaminat ion probability p. 
4 . 2  POSSIB LE F LIGHT TEST 
It  is not possible t o  p rec i se ly  de te rmine  by ana lys i s  o r  land-based exper iments  
alone the ul t imate  disposit ion of a l l  s u r f ace  contamination and  launch deb r i s  
c a r r i e d  aloft by a spacecra f t .  Data d i rect ly  re la t ing to  the  fa te  of spacecra f t  
contamination would be of g r ea t  value to  the  t o t a l  planetary quarantine effor t .  
Such data m a y  be obtained by s imple ,  light-weight ins t rumentat ion added to  
scheduled NASA o rb i t a l  and in terplanetary  f l ights.  Examples  of useful  
exper iments  a r e :  
1. Studies of the surv iva l  of m ic rob i a l  contamination on unprotected 
su r f ace s  subjected to  a l l  no rma l  flight vibrat ions.  
2 .  Studies of acce le ra t ion  and shock levels  r equ i r ed  to  r e l e a s e  
var ious  kinds and  s i z e s  of su r face  bound par t i c les  a f t e r  the  su r f ace s  have 
undergone n o r m a l  launch exposure  and vibrat ion.  
3 .  Studies of the  mobil i ty of tagged par t i c les  r e l e a s e d  f r o m  a 
speci f ied  location on  the  spacecra f t  ex t e r i o r .  P a r t i c l e  s i ze ,  t r an spo r t  
d is tance  and  decay t i m e  of par t ic le  fallout a r e  among t he  var iab les  of 
in te res t .  
4. Study of the  cumulative effects  9n su r f ace s  of par t ic le  fallout 
a n d  exposure  to  environment.  Sur faces  p r epa red  in va r ious  ways  would 
be exposed during e i the r  o r  both t he  launch phase and  the  c r u i s e  phase 
of a miss ion .  
5. Measurement  of the  potential difference between insula ted me ta l  
plates on spacecra f t  su r f ace s  facing and  pointed away f r o m  the  sun. 
6. Measurement  of e l e c t r i c a l  p roper t i es  of t he  plasma medium.  
The  p rogram of t e s t s  conducted should s eek  data  on both t rans ien t  and  
long- term e f fec t s .  M a t t e r s  of judgment a r e  involved in deciding the  
demarca t ion  between t he se  two r eg imes .  It would s e e m  that  many  m o r e  
meaningful  r e s u l t s  could be obtained if the part icipation of a n  as t ronaut  
w a s  uti l ized,  e .  g. , t o  ini t i tate var ious  t e s t s  at propit ious t i m e  in tervals ,  
t o  r e t r i e v e  s amp le s  and  make  the  data  s t o r e d  on them secu re ,  to  make  
and  r e c o r d  s imple  d i rec t  observat ions  on sui table  ins t ruments .  
T h e  design and  planning of the  proposed exper iments  m u s t  t ake  into 
account the weight and  space  r equ i r emen t s  of the  appara tus ,  in te r faces  
with other  spacecra f t  sy s t ems ,  demands fo r  at tention by as t ronau ts ,  e t c .  
Considera t ion should t he r e fo r e  be given t3 maximizing t he  data  r e t u r n  
f o r  given amounts  of weight, space ,  power, a n d  t i m e  consumed. Conse- 
quently, a p rog ram would be n e c e s s a r y  t o  develop the  m o s t  re l i ab le  and  
efficient data  collecting techniques,  evaluate trade-off  between a l t e rna te  
exper iments ,  and es tabl ishing p r io r i t i e s .  C lose  communication would 
be mainta ined with NASA in f i rming  up a f inal  exper iment  schedule,  
integrat ing the  exper iment  appara tus  into the flight payload, ins t ruct ing 
personnel  in the  u se  of the  appara tus ,  etc.  
4 . 3  ULTRACENTRIFUGE METHOD FOR TESTING ORGANISM RELEASE 
The  binding fo r ce  between a n  o rgan i sm and  a su r f ace  is one of the p a r a m e t e r s  
studied in t he  Effects  T e s t s  under th i s  contract .  Recently,  a s e r i e s  of 
papers  by H. Krupp,  et  a l ,  have come to  our  at tention descr ib ing a technique 
fo r  measu r ing  th i s  pa r ame te r .  Basical ly ,  the technique is  to  place the  
par t i c les  on a conical  su r f ace  in a n  u l t ra -  centrifuge.  When the  centr i fugal  
f o r c e  exceeds  the  binding fo rce ,  the  par t ic le  i s  r e l e a sed .  The  applicat ion 
of t h i s  technique to  microbiology i s  s t ra igh t fo rward  and  t h e r e  i s  eve ry  
r ea son  to  believe that  useful  measu remen t s  could be made .  
4 . 4  ULTRAVIOLET STUDIES 
T h e  wide variabil i ty in  r e cove ry  values  obtained in the  ultraviolet  exposure  
expe r imen t s  indicate that  f u r t he r  investigation i s  n e c e s s a r y  t o  bet ter  
unders tand  t he  behavior of m i c r o o r g a n i s m s  i r r ad i a t ed  with ul t raviole t  
light at very  low p r e s s u r e s .  T h e  following l i s t  of possible r e s e a r c h  
p ro jec t s  outl ines gene ra l  problem a r e a s  and  r e f l e c t s  difficulties encoun- 
t e r e d  in  the  p resen t  p rogram.  
0 Photoreact ivat ion of .Bacter ia l  Spores  Following Exposure  to  
Ultraviolet  Light at Low P r e s s u r e s  
0 T h e  Ef fec t s  of Clumping o r  Layering of Bac t e r i a l  Spor es  on 
Ultraviolet  Survival  Values 
Investigation of Bac t e r i a l  Surv ivors  Following Long-Term 
Ultraviolet  Exposure  - Survival  by Pro tec t ion  o r  Mutation? 
APPENDICES 
APPENDIX A 
STATISTICAL ANALYSIS OF SURVIVAL DATA 
1. ANALYSIS OF ULTRAHIGH VACUUM-AMBIENT CONTROL DATA 
a. Technical Background 
The basic problem addressed here i s  how best to treat biological 
data, consisting of surviving organisms a t  times varying from 
zero to hundreds of days, to obtain the best estimate, with associat- 
ed e r rors ,  of die-off rate. Data a r e  taken a t  times ti, i = 1.. . m. 
At each time ti, there a r e  1 separate, independent counts made, 
yielding a set  of counts, nij, j = 1.. . 1 . The purpose of making 1 
independent measurements a t  each time i s  to obtain a realistic 
measure of the e r r o r  in experimental procedures. A measure 
of the experimental uncertainty of the data a t  time ti i s  obtained 
by calculating an average number of counts and the dispersion 
about the average, thus: 
If only statistical uncertainties were present, the dispersion a 
would be given approximately (from a Poisson distribution) i 
by 
. (statistical) = diii 
1 
In practice, the experimental. dispersion is  greater than that 
expected from statistics alone by a s  much a s  a factor of 2 to 
3. Thus i t  is more  meaningful to use the set of values 
- { ti, ni, i , i = 1. . . m to obtain a meaningful estimate of 
die-off rate. 
This set of data could be fit to any number of curves, e. g. , 
linear, quadratic, exponential, etc. In lieu of a good theory 
of die-off based on f i r s t  principles, the most reasonable 
practical procedure i s  to assume an exponential decay ra te  
Only two parameters need to fit, namely no and 7 . The 
technique used here i s  the method of least squares. : 
A quantity M i s  formed thus: 
This quantity M i s  to be minimized by appropriate choices of 
of no and 7 . The contribution of each data set i s  weighted 
inversely by its dispersion. 
Although this problem i s  straightforward (see reference 3) ,  i t  
leads to a transcendental equation, and i s  unnecessarily com- 
plicated for the set of data available for this analysis. A simpler 
approach is  to re-write equation (1) a s  
:k The easiest reference for "physiciststt in Orear 's  report. 1 
The most complete mathematical treatise i s  Cramer. A useful 
applied article i s  Bartlett. 
where 
Equation (4) then i s  linear, and much simpler to deal with. 
The quantity M to be minimized i s  
where y. = In ii 
1 i 
The best values for a and b a r e  found by solving the set  of linear 
equations defined by 
Differentiating (5), and solving the two equations gives: 
In addition to the best estimates of a and b, the method of leas t  
squares  also provides an estimate of the e r r o r s  associated with 
a and b. These e r r o r s  can be shown to be 
Equation (10) gives the mean square correlated e r r o r  of a and b, 
which tells how much the estimate of a var ies  i f  b i s  varied. 
Equation (8), ( 9 ) ,  and (10) contain a l l  the information from a 
least  squares  fit to equation (4). We a r e  looking for a different 
se t  of parameters ,  namely no and 7 . F r o m  (4), 
The e r r o r s  on n and 7 a r e  calculated thus: 
Explicitly 
b. Application to Vacuum Data 
A simple computer program was written in to process the basic 
data, and to solve for the various parameters  in equations (11) 
and (13) using equations (8), ( 9 ) ,  and (10). The input data, the 
values of nij, a r e  listed in Table A. 1. for the vacuum case and 
A N A L Y S I S  nF S U Q V I V A L  D A T A  -- V A C I J U Y  F X P P F U R F  TABLE A. 1. 
in Table A. 2. for the ambient case.  The value of t measured 
in days from the s t a r t  of evacuation of the vacuum system a r e  
in the column with the headings "DAYS". The column labeled 
"PTS" gives the number range of the index j. The program 
cornputes ;ii and 0 i and these values a r e  printed in the columns 
marked "AVE Nu and "SIGMA". 
The resu l t s  of the leas t  square  fi t  of the vacuum data is presented 
in Table A. 3. The pa ramete r s  of the exponential equation no 
and 7 .  a r e  given with their  uncertainties. The correlated e r r o r  
A no AT (equation 13) is a l so  shown. 
2 The so-called chi-square (X ) t e s t  shows how well the data f i t  
the assumed form of equation (14). 
The individual xi2 contribution of each point is formed by 
- 
ti, nil and Qi  a r e  repeated in Table A. 3 and a r e  l is ted with the 
calculated values n( t i )  and xi2. These l a s t  two a r c  in the columns 
2 labeled ItN(T)" and ttCH12". A total X i s  obtained by summing 
the xi2. 
for  a fit with 21 degrees of f reedom (24 points minus two pa ramete r s  
to fit). 
Equation (1) can now be used to predict  the expected number of 
surviving organisms a t  l a t e r  times. The uncertainty in this 
prediction i s  estimated by combining the e r r o r s  in the parameters  
in a properly correlated fashion thus; 
A l V A C Y S T S  OF S ( J R V 1 V A L  D A T A  -- A I " 3 1 F N T  C O V T R O L S  TABLE A . 2  
RIJN D A Y S  P T C  C I ) I J Y T S  A V F  rd S I G M A  
4NALYS I S  O F  S U R V I V A L  D A T A  -- VACUUM EXPOSURE TABLE A.3 
V7FRCl  = 215.9 + / -  6 . 3  COUNTS 
T A U  = 442.9 +/-  3 9 , R  D A Y S  (TAU = 0.44293E 0 3 )  
C n S R F L A T E O  E R R n R  = -1Qf3.7 
T I Y E  N B A R  S I G Y A  N ( T )  CHI2 
FnR 3 2 .  Q E G R E E S  OF FRFEDEIM? SUM O F  C H I  S Q U A R E  I S  30.2290 
E X T R A P O L A T I O N  O f  C U P V I V A L  DATA 
The final en t ry  in Table A. 3. gives predictions of surviving counts 
a t  t imes up to 400 days with uncertainties calculated f r o m  equation 
(19). 
In Table A. 3 one point, a t  t i  = 85 days, has  an unusually l a rge  value 
of xi2. The analysis  of the vacuum data was repeated with this 
point removed ( see  Table A. 4). The only number which was mater ial-  
ly  a l te red  by this omission i s  the sum of the xi2. This was reducted 
f rom 30. 23 to 19. 34 indicating that the fitted curve is statist ically 
significant. 
Table A. 5. presents  the resul ts  for the ambient control data. The 
format  is the same a s  in Table A. 3. Certain values were  not printed 
in this table because their  magnitude exceeded 104. These a r e  
In Tables A. 6. and A. 7. the ambient data have been segregated 
according to the shiny o r  dull surface finish of the c a r r i e r  disks. 
Table A .  8. presents  an  analysis of the shiny data and Table A. 9. 
presents  an  analysis  of the dull data. 
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TABLE A.4 
N7Wn = 2 1 9 - 4  + / -  6 . 5  C O U N T S  
T A \ J  = 434 ,8  + / -  3'3.5 D A Y S  4 T A U  = 0 , 4 3 4 9 7 E  0'31 
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T I M F  NDAR C I G M A  N ( T 1  C H I 2  
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A V E  N S I G M A  
4 h A 1  Y S I  S qF S i J R V I V A L  O A T 1  -- AM4IFhlT C O N T R I I I - 5  DULL DISK?  
TABLE A.7 
RUN nqys  P T C  CQIIYTS A V E  hl S I G M A  
4 W A i  Y S I S  OF S U R V I V 4 L  D A T A  -- A M B I E N T  C O N T R O L S  S H I N Y  D I S K S  
TABLE A.8 
N 7 F R n  = 2 0 4 . 2  +/-  6.6 C O U N T S  
T / \ l j  = **:ks:k* + / =  Q A Y S  I = O0!  4 3 1 9 F  0 5 !  
C O P R E L A T E D  ERRFIR = * * * * * *a  
T I M F  Y B A R  S I G M A  N l T I  C H I 2  
F O R  2 0 .  I IFGREFS OF F R E F D O M r  SUM OF C H I  S Q U A R E  I S  10 .7594  
E X T P A P O L A T I O N  OF S U R V T  VAL D A T A  
D A Y S  CT)UhlTS 
A N A L Y S I S  OF SURVIVhL DATA -- AHBIENT C O N T R O L S  BULL DISKS 
NZEWO = 241.1 +/-  8.3 COUNTS 
T A U  = 1 1 1 4 . 0  + I -  2 9 5 , ~  n a y s  { T A U  = 0 . 1 1 1 4 0 ~  0 4 1  
CORRELATED ERROR = - 2 2 0 6 . 3  
T I M E  NBAR SIGMA N I T )  CHI 2 
FOR 1 0 .  OFGREES OF FREEDOM, SUM OF C H I  SQUARE I S  21,7959 
EXTPAPOLATION OF SURVIVAL DATA 
DAYS , COUNTS 
2. ANALYSIS OF  ULTRAVIOLET EXPOSURE DATA 
The computer program used to analyze the long term survival 
data (Appendix A. I) was modified slightly for use with the ultra- 
violet light exposure data. Instead of calculating average counts 
and standard deviation, the actual number of survivors, n, found 
in each test  was used in the input data. As an estimate of the 
experimental e r ro r ,  the value O.ln was used. Fo r  four disks ex- 
posed to ultraviolet light in vacuum, no survivors were recovered; 
in these cases  the value of n was taken to be n = 1. 0 z t  1. 0. 
It has been pointed out that photoreactivation may play a role in 
the apparent increase in survivors a t  60 minutes in vacuum. F o r  
this reason the vacuum data has been analyzed both with and with- 
out these points. 
In the text of this report  we speculated that two exponentials might 
provide a more  meaningful f i t  to the data than the single curve. 
In the tables below, the following cases a r e  analyzed. 
Exposure in Air 
a. fit to a single exponential function - Table A. 10. 
b. f i t  in two par ts  to exponential function - Table A. 11. 
Exposure in Vacuum 
a. fit to a single exponential function - Table A. 12. 
b. fit to a single exponential function with data a t  60 minutes 
omitted - Table A. 13. 
c. fit in two parts  - Table A. 14. 
d. fi t  in two parts  with 60 minutes data omitted - Table A. 15. 
Finally two figures a r e  included in which the vacuum - UV data 
and curves a r e  plotted (Figure A. 1. ) and a i r  - UV data and curves 
a r e  plotted (Figure A. 2). 
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APPENDIX B 
PLANETARY PROBE MISSION SEQUENCE O F  EVENT'S 
A logical question in the developmental sequence of a typical 
canis ter  is the ability of that canister to prevent recontamination 
of the contained probe vehicle by ear th  organisms in the vehicle 
mission phases f rom terminal  steril ization through probe de- 
ployment on a mission impact trajectory. 
The sequence of mission phases and the organism recontamination 
hazard and/or  environment a r e  a s  follows: 
a Terminal steril ization cycle - thermally induced opening 
in the bio-barr ier  a t  temperature o r  in the cooling phase 
that might allow passage o r  organisms. 
o Storage - l o s s  of positive canis ter  p res su re  due to canister 
puncture, cooling of storage environment with insufficient 
r a t e  of gas  resupply, o r  migration of organisms through 
smal l  orifices in the canis ter  against  positive pressure .  
e Prelaunch handling, assembly, and checkout - puncture, 
momentary opening of seals  or  assembly  distortion that 
open seals ,  weld seams,  o r  passthroughs. 
o Launch - ascent  loads and vibration, acoustic noise, o r  
canis ter  venting to reduce canis ter  internal pressure .  
If the canister i s  not vented during ascent  flight, the 
increase in A P with ascent  altitude may  open seals  o r  
weld seams to allow organism violation. 
t~ Canister Venting - This event is for  the purpose of r e -  
ducing canister p res su re  to the f r e e  space ambient 
before opening the canis ter  for  deployment of the probe. 
This event may  occur short ly  a f te r  exit f rom the ear th 's  
atmosphere,  a t  a t ime just pr ior  to target  planet orbi t  
injection, o r  in target  planet orbit. It is included h e r e  
a t  the f i r s t  sequence opportunity and can crea te  a recon- 
tamination threat  by back flow through the vent system. 
fa Cruise and Mid-Course Correction - In this phase, 
meteorite penetration of the canister could lead to 
recontamination. Also, openings in seals and/or 
weld seams due to structural loads and vibrations 
and rocket plume impingement in appropriate com- 
binations. 
e Canister Lid Jettison - This event i s  the beginning 
of the most critical mission phases for occurrence 
of recontamination. The external surface of the 
sterilization canister will have an attached deposit 
of particulate d i r t  and organisms. The remainder 
of the launch system will have high concentrations 
of organisms. In the mission phases, organisms will 
be shed from the unsterile portions of the launch sys- 
tem and create a microbial cloud about the space sys- 
tem. This cloud and the surface deposits constitute 
the recontamination threat. The use of a canister lid 
separation device that upon functioning releases elastic 
energy o r  inpats explosive energy to the canister struc- 
ture, will possibly spa11 organisms from surfaces. 
This dispersion o r  organisms is also a recontamination 
threat. 
0 Probe Deployment - The threat in this event i s  essen- 
tially the same a s  that described for the previous phase. 
The additional threat in this phase is  simply that the 
probe must penetrate the postulated microbial cloud. 
The following Table A. 16 outlines in more detail the events lead- 
ing to the retropropulsion of a planetary probe a s  now conceived. 
TABLE A. 16 
PLANETARY PROBE MISSION SEQUENCE OF EVENTS 
Phase/Event  ~ u n c t i o n / ~ e s  cription Duration 
l,  Manufacturing $r Assembly Manufacture, assembly and tes t  of subsystem; integration into 
Probe for acceptance tes t ;  sea l  in canister ,  s ter i l ize ,  check- 
out, and prepare  for  shipment. 
2. Storage $r Transportation Operational Support Equipment (OSE) provided to maintain con- Up to 13 weeks storage, 
ventional conditions for  ~ r o b e i c a n i s t e r  during a l l  operations. Up to 12 h r s ,  a i r  transport ,  
3, Field Operation ~ r o b e / c a n i s t e r  integration with spacecraft.  All operations i n  Up to 9 weeks, 
clean room. 
4. Launch Pad Operations ~robe/canister/spacecraft integration with launch vehicle, Up to 4 weeks. 
Clean room facilities on gantry pr io r  to ascent  fairing 
ins tallation. Conditions maintained by ascent  fairing 
following installation. 
5, Launch $r Ascent F i r s t  stage ignition. 140 secs .  
b Second stage ignition, Jettison ascent  fair ing a t  about 350, 000 ft, 450 secs ,  
I 
W Third stage ignition for f i r s t  burn. 440 secs ,  
N 
6, Establish Parking Orbit Third stage cutoff, begin parking orb i t  at 106 ft, altitude, 27 minutes. 
7. Injection into Inter- Third stage second burn, cutoff, and separation from 
planetary Trajectory Probe/canis ter /  spacecraft .  
8. Post-Separation Deploy so la r  panels, activate attitude control sys  tern, 
acquire sun and Canopeas, 
3, Interplanetary Transi t  Probe/  c a n i s t e ~ i  spacecraft  in  unpowered t ra jectory to 
intercept target  planet, 
30 secs .  
Up to 30 minutes, 
150-380 days, 
110, F i r s t  Midcourse Activate gyros, maneuvey, fire rocket, reacquire  sun and Initiate after  severa l  
Correct ion Maneuver Ganopus, days of flight, 
BL. Second Midcourse Optional, 
Correction Maneuver 
Initiate af ter  a b u t  
30 days of flight, 
TABLE A. 16 
PLANETARY PROBE MISSION SEQUENCE OF EVENTS (Concluded) 
Func ti.on/Description Duration 
- 
12. Entry into Planetary 
Orbit 
13.  Maintain Planetary 
Orbit 
14. Separate Canister 
Lid 
15, Separate Probe 
16. Probe Retropropulsion 
Maneuver, f i re  retro propulsion to enter planetary orbit. 
This phase and next not applicable i f  probe i s  separated 
during approach trajectory. 
Earth tracking to establish orbit parameters.  
If Probe does not have attitude control system, spacecraft  
maneuver i s  required. 
Provide velocity increment to Probe for descent to planet. 
Initiate retro when Probe is a t  sufficient distance from 
spacecraft. 
Several days. 
Occurs about 5 minutes 
pr ior  to Probe separation. 
APPENDIX C: 
VAN DER WAALS FORCE AND ELECTRIC 
FIELD CALCULATIONS 
1. DERIVATION O F  VAN DER WAALS FORCE LOW FOR A SPHERE 
AND A SEMI-INFINITE SOLID BOUNDED B Y  A PLANE 
A general theory of the van d e r  Waals interaction has  been 
developed by ~ i f s h i t z ' .  He has  applied this theory to the 
calculation of the force between two semi-infinite media with 
parallel  plane boundaries separated by a cer tain distance & . 
The resu l t  for two different dielectric media separated by a 
distance 1 << h c / ( k ~ )  i s  
where F i s  the force  per  unit a rea ,  A i s  a wavelength which is 
character is t ic  of the optical absorption bands of the media, e 
and C2 a r e  the static dielectric coefficients of the media,, q~ ( e l ,  e2) 
i s  a function evaluated by Lif shitz and having values between 
0. 35 and 1. 0. 
It is extremely difficult (if a t  all possible) to rigorously apply 
Lifshitz' analysis to geometrical situations m o r e  complex than 
the plane parallel  case.  However, Lifshitz suggests a super-  
position principle by which the solution given by (18) may be 
used to find the force  law for other media configurations. This 
superposition principle i s  the assumption that the potential energy 
of two m a s s e s  in a given configuration can be expressed a s  an 
integral over the volumes of the separate  m a s s e s  
Here d p and d p  represent volume elements of the two masses ,  
r i s  the separation of these two volume elements and F is  1 ,2  
a $unction of the dielectric properties of the volume elements 
d p l  a n d d p  2. 
On the basis of (69), the potential energy Uslab of a thin slab 
in the vicinity of a semi-infinite medium can be deduced from 
(18). Because of plane symmetry, Equation (19) can in this 
case be reduced to the form: 
- 
'slab - dx dx  
e 
Here U ( 1 ) i s  the potential energy of two semi-infinite media 
separated by a distance .i! , the case treated by Lifshite. Thus 
in the limit of small A x  (21)  becomes 
Equation (22)  applies to a thin slab of any finite area  because of 
the assumption of Equation (19).  Therefore by considering a spheri- 
cal particle to be composed of a sequence of infinitesimal slabs, 
Figure (A.SJ, the potential energy of a sphere is  found to be 
FIGURE A.  3 
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F O R C E D N A S P H E R E  
where F(x) i s  precisely the function given by (18) with ! = x. 
The integral of ( 2 3 )  can be evaluated by means of partial  f rac-  
tions. The resul t  i s  
where 
V (x) = A (a / (2  x) + b)/x  t c / n (x/ (x  t A ) )  I I 
The van der  Waals force  on the sphere which gives r i s e  to this 
potential energy i s  
- d U  sphere FB - - 
d l  
After algebraic simplification, the expression 
is obtained. 
2. THE SURFACE POTENTIAL O F  A SPACECRAFT 
The surface of a spacecraft will normally c a r r y  a net charge due 
to i ts  impacts with protons and electrons and i ts  emission of plzoto- 
electrons. The net charge attained under steady conditions estab- 
l ishes an  electric potential, which brings about a balance between 
the various currents  to the surface. This balance may be expressed 
by : 
~p + Ie + Ipe = 0, (27) 
where Ip, Ie, and Ipe a r e  the net proton, electron, and photoelectron 
currents  respectively. 
If the potential on the spacecraft is l e s s  than the typical kinetic 
energies of space protons and electrons, the currents  due to these 
particles depend almost entirely on their fluxes near the spacecraft. 
On the other hand, the photoelectron current  is very dependent on 
any retarding potential and 03 the constitution of the surface. To 
estimate typical values of surface potential, we f i r s t  estimate the 
photoelectric current  needed to balance incoming proton and electron 
currents .  An approximate analysis i s  then applied to determine 
the corresponding surface potential. 
a. Solar Wind Proton and Electron Currents to a Spacecraft 
The current due to space electrons and protons impacting a spheri- 
cal spacecraft i s  approximately 
Ie + Ip = neA (vp - vesfe), ( 2 8 )  
where: 
n = proton o r  electron density 
e = electronic charge 
A = projected area  of spacecraft 
vp = average proton velocity 
ve = average electron velocity 
fe = ratio of spacecraft - electron collision cross  section to 
spacecraft geometric cross  section. 
The factor fe i s  essentially 1 + e V/Ee for monoenergetic electrons, 
where V is  the spacecraft surface potential, and Ee is  the electron 
kinetic energy. We anticipate a value of f e  in the range 1. 0 < f e  7 2. 
Coleman gives the following typical characteristics of the interplane- 
tary  solar wind near the earth. 
Inserting these values in Equation ( 28 ) and allowing f e  to 
range from 1.. 0 to 2 ,  O j  we find a n  estimated range of the sum 
of proton and electron currents :  
b. Photoelectron Current  and Spacecraft Potential 
F r o m  Equation (27), the photoelectron cur rent  required for  
e lectrostat ic  equilibrium i s  
Ipe = - (Ip + Ie) 
Thus, a n  estimated range of Ipe i s  given by Equation (29). 
The relationship between the photoelectric cur rent  density and 
a retarding surface potential i s  given by Averell, et  a l ,  as :  
= I /eA = No exp ( - e ~ / k ~ ~ ) ,  J ~ e  Pe 
where No i s  the cur rent  density with no retarding potential f o r  a 
part icular  mater ia l  exposed to solar  light, Ts is the black body 
temperature of the sun ( - 5 8 0 0 ~ ~ ) ~  and k is Boltzmann's constant; 
(the combination k ~ ~ / e  has  a value of about 0. 5). 
The quantity No depends on the intensity of solar  light and the work 
function of the surface,  W. A table of values obtained by Averell ,  
et  a l ,  taking the solar  constant near  the ear th  a s  0. 15 watts /cm2,  is 
given i n  Table A. 17. A relatively low value of W for m o s t  s t ruc-  
tura l  surfaces is - 3. 0 eV. The corresponding value of No is 
- 3. 3 x 1013 photoe lec t rons /cm~-sec .  This value may  be inser ted 
in  Equation (30) and the la t te r  equation solved for  the equilibrium 
retarding potential, V: 
TABLE A .  17 
PHOTOELECTRIC FLUX UNDER 
SOLAR RADIATION FOR UNCHARGED 
SURFACES 
F o r  the estimated values of Jpe,  we find the following values of V: 
V (Volts) 6. 5 4. 5 
According to the assumptions made, we would judge $6 o r  7 volts 
as a n  upper l imit  of the surface potential on a spacecraft. 
3. ELECTRIC POTENTIAL O F  THE SHADOW SPACE CHARGE O F  A 
SPACECRAFT 
While i t  has  been shown in Appendix C. 2 that a metall ic space- 
c raf t  will acquire  in interplanetary space a surface potential of 
the o rde r  of five volts, it  i s  possible in some cases  for  a suffi- 
cient negative space charge to exist in the volume of total shadow 
that a net negative potential develops in this region. Because of 
the shape and distribution of this space charge, the maximum 
potential within i t  i s  difficult to evaluate. The shape of the shadow 
space charge i s  determined by the proton t rajector ies  which bound 
it. These protons just m i s s  hitting the spacecraft ,  travelling 
essentially parallel  to the shadow axis  a s  shown in Figure A. 4. 
Attraction by the space charge causes the protons to converge a t  
some distance Zo f rom the spacecraft. 
The radial  force on each proton i s  
where ne i s  the number density of electrons in the space charge, 
and r is the distance of the proton f rom the axis.  If the axial velo- 
city of the protons i s  v and the proton m a s s  i s  m we find that P' P' 
the proton t rajector ies  defining the boundary of the space charge 
a r e  given approximately 
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where 
R = radius of spacecraft ,  
F o r  the typical solar  wind propert ies  
5 Vp = 5 x 1 0  m l s e c ,  
we calculate Zo - 837 meters .  
The volume occupied by the space charge is n-R2 Z0/2. This 
volume m a y  be approximated by a cylinder of radius R and length 
z0 /2 .  Pt can be shown that the potential a t  the center of a charge 
distribu'tfi@n uniformly distributed throughout such a cylinder i s  
approximately: 
The potential obtained f rom this estimate i s  plotted a s  a function of 
spacecraft  radius for  2 values of ne in Fig. A.5. It may  be pointed 
out that for  ne 5 lo7, the total space charge exceeds the charge on 
the spacecraft .  A s  a consequence, in such cases ,  the net e lectr ic  
potential i s  positive near  the spacecraft ,  and negative a t  l a rge  dis-  
tances. 
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